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 The rapid growth of population and climate change has subjected our civil infrastructures 
to high load demands and fast aging or degradation over time. Temperature plays a key role in the 
performance of the aging infrastructure in form of thermal stress and cracking, temperature-
induced material aging and degradation, temperature-dependent deformation, and softening. Thus, 
the importance of predicting the consequent behavior of the infrastructures under environmental 
conditions becomes imperative. This research characterizes three infrastructure surface materials, 
namely asphalt pavement, solar panels, and phase change materials (PCM), models the efficacy of 
modifiers and novel methods to improve their performance and uses these materials in the design 
and testing of thermal management systems for different applications. The connection between 
these materials is the thermal management in pavement overlays, which can be extended to other 
infrastructure surfaces. 
 Asphalt pavement modified with recycled crumb rubber (CR) is a sustainable way to reuse 
the millions of tires that used to end in landfills. However, the ultraviolet (UV) rays from the sun 
have been shown to adversely affect the asphalt’s performance in the long run. The severe photo-
oxidation can cause changes in the volatile components of the asphalt and result in hardening, 
aging, and thermal cracks in it. The effect of UV rays on the rubber-modified asphalt may be even 
more complex due to the presence of crumb rubber particles and their chemical/physical 
incompatibility and changes in the glass transition. In order to examine these effects, a PG 64-22 
 
 
is modified with two percentages of 16.6 wt.% and 20.0 wt.% crumb rubber. Results show the 
specific heat capacities increase with UV aging with 16.6% having the highest value. The addition 
of the rubber particles does not change the chemical composition of the binder as confirmed by 
the elemental analysis. However, after UV exposure, peaks associated with carbonyl and sulfoxide 
are observed, proving that the rubber-modified binder is subject to photo-oxidation as well. The 
16.6. wt.% shows the best performance against aging with the lowest sulfoxide index and the 
highest aliphatic index. Another advantage of adding crumb rubber particles is the formation of a 
matrix due to the crosslinking of the rubber particles with the binder after being heated, as 
approved by microscopic images. 
 The carbon nanotubes (CNT) are used to modify the asphalt binder to improve its 
rheological characteristics while also enhancing the thermal conductivity of the mixture to 
facilitate the transfer of heat to the surface. In this study, two samples of 3% and 6% multi walled 
carbon nanotubes (MWCNTs) are prepared using a foaming technology. Foaming the asphalt via 
water lowers its viscosity and temperature resulting in the saving of the base material and 
consumed energy while increasing the coating of the aggregates. The results show the CNTs can 
improve the thermal conductivity of the foamed binder by almost 2X while not negatively affect 
its rheology. 
 For the other end of the thermal management system, a new hydronic system is introduced 
for the building integrated photovoltaics and thermal (BIPVT) silicon module that acts for the dual 
objectives of collecting heat to be used for the thermal management of the pavement and 
controlling the surface temperature of the solar module itself for the optimal efficiency under 
different operating conditions. The BIPVT panel with different flow rates of 100 to 600 ml/min 
 
 
were tested for the effectiveness of the cooling design. The results from experiments and 
simulations show that at 200 ml/min, an optimal balance for the performance of the panel is 
achieved to not only reduce the temperature of the panel from 88°C to 65°C, but also generate a 
partially heated water outlet of 37°C (compared with the 23°C inlet) that can be used for the hot 
water system of the building, or as the inlet feed to the hydronic cooling/heating pavement system. 
In addition, the BIPVT design proves to restore the power of the solar module by 24.6% at a 200 
ml/min flow rate, as confirmed from the I-V curves. 
 Finally, the feasibility study of converting the waste animal fat to a phase change material 
(PCM) is explored. In PCMs, the high latent heat characteristics are used to store or release energy 
during the phase change. The use of PCMs can significantly lower the temperature variation of 
buildings and the consequent energy use. While most common PCMs are paraffin-based and too 
expensive for large scale applications, a bio-based and more economic alternative could be the key 
to its vast use in infrastructure systems. However, more research is needed to achieve an animal 
fat PCM with high latent heat values. In this study, characterizing the raw fat shows a ~20% 
saturated content. After hydrolysis, the saturated portion has been increased to 65%, but the 
improvement in the latent is not significant. However, after separation of the fatty acids by use of 
crystallization, the resulting fully saturated fatty acids (palmitic and stearic acids) show a 3.5X 
increase in the value of the latent heat, increasing it from ~55 J/g for free fatty acids to ~195 J/g 
for saturated fatty acids. The promising results of the high latent heat values make the current bio-
based PCM a good alternative that needs to be further explored in the future to be used for 
applications in buildings and BIPVT panels. 
 
 
 Overall, the results of this PhD study provide a comprehensive understanding of materials 
and systems for thermal management of asphalt pavements and enable the design and development 
of durable self-heated pavements, which can be immediately extended to other infrastructure 
applications such as wall panels, net-zero buildings, and solar panels.
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Chapter 1: Introduction 
1 This is the first heading 
 Heat Harvesting and Management 
 Since the beginning of the Industrial Revolution, the temperature of the Earth has increased 
about 1 degree Celsius or about 1.8 degrees Fahrenheit [1]. This global warming trend is attributed 
to the human expansion “greenhouse effect” and the burning of fossil fuels, which has been 
expelling copious amounts of carbon dioxide into the atmosphere [2]. Some of the consequences 
of climate change are frequent extreme weather change, tremendous load on infrastructure systems 
such as buildings, roads, transportation networks, and the resulting degradation and aging of such 
sectors. In order to tackle such happenings, more efforts are required to explore and implement 
innovative materials and energy-efficient systems that run on renewable energy sources such as 
solar and geothermal energy. 
 One of the byproducts of manufacturing, production, synthesis, and operation of materials 
and equipment is the lost energy that eventually gets converted to low-grade thermal energy, also 
defined as waste heat [3, 4]. Combustion of engines, generation of electricity, burning of natural 
gas, using a computer, or even driving a car all produce heat directly as the purpose of the activity 
or indirectly and unwanted as a side product [5]. It is estimated that about 20 to 50% of the 
industrial energy input is lost in the form of waste heat for cooling water, hot exhaust gases, or the 
heat dissipated from the hot surface of the equipment and products [6-8]. The generated undesired 
heat in the processes not only lowers the overall efficiency of the performance of the system or 
activity, contributes to the energy crisis and fuel cost [9, 10], and pollution, but also is an element 
that can cause degradation, aging, shortening of lifespan, and eventually failure if not treated or 
controlled in the long run. For example in a computer, typical desktop CPUs (central processing 
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units) can dissipate up to 100 W and for high-end CPUs, that number approaches 280 W in the 
stock state, resulting in heat flux values of up to 1 MW m−2 [11]. Therefore, heat removal is one 
of the important tasks in designing such systems to avoid the aforementioned consequences. In the 
example of the CPU, passive air flow, use of a cooling fan for forced air, thermally conductive 
paste, heat sinks, and heat pipes are effective methods to dissipate the produced heat from the 
surface of the processor [12-15]. However, modern thermal management technologies can recover 
the waste heat and treat it as a complementary solution to be reused in the same or another process. 
Some examples in the building section include heat recovery from domestic chimney, cook stove, 
drain water, air conditioning unit, and air ducts [16-20]. Another area that still has high potential 
to explore is geothermal energy extraction for low/medium heat recovery [21, 22].  
 One of the infrastructure materials that has gained popularity in the past two decades is 
silicon photovoltaic (PV) cell and their use in solar panels since they can capture the abundant 
energy of sunlight as a renewable energy source. Since the PV utilization operates only on photons 
with a certain level of energy, other photons that have higher energy than the PV bandgap, which 
are almost half of the total solar energy, will result in heat generation and reducing the PV 
utilization efficiency. One way to harvest this heat is to use it in a thermoelectric (TE) generator 
to produce voltage. The TE phenomenon is based on the principle of the Seebeck effect, which 
was discovered in the 18th century [23]. In 1821, Seebeck discovered that in the presence of two 
dissimilar metals with a temperature difference, a small voltage can be generated. Peltier later 
discovered that the reverse could also be true and in a circuit, the electrical current in a junction 
that connects two materials can emit or absorb heat [24]. Therefore, by combining a TE unit and 
PV cells in a system, a solar thermoelectric generation system is achieved which not only captures 
the solar power from the visible spectrum of the sunlight but also responds to the infrared 
3 
 
bandwidth which occupies a high proportion of the solar energy and power fluctuations by weather 
[25]. One novel ideal introduced by Yang and Yin was to use a TE module and solar cells in a 
multilayer design to harvest thermal and solar energy [26] where a bismuth telluride (Bi2TE3) 
semiconductor material is used as the TE generator. Although the TE efficiency is pretty low, and 
it is not economically viable for energy harvesting for regular power supply, it is still a good option 
for self-powering sensing and controllers used in other applications such as sun-powered smart 
building envelope with automatic control [27]. 
 
Figure 1: A hybrid solar panel for energy harvesting [26]. 
 The TE module is implemented under the PV cells and behind them, a functionally graded 
material (FGM) layer with a casted water tube made of copper is implemented. Therefore, the heat 
generated by the top solar cells is first transferred to the underlying TE layer to generate voltage, 
and afterward, is dissipated to the water tubes to increase the temperature of the water and further 
cool the solar module design. The same group in another work showed that the hybrid solar panel 
can result in a temperature reduction of the PV surface from 55°C to 32°C under the irradiation of 
1100 W/m2 [28]. The FGM layer is a composite in which the gradation gradually changes. In the 
improved iteration of the hybrid solar panel, the authors used an insulated layer of high-density 
polyethylene (HDPE) underneath the FGM, thus, capturing the heat can in full by the water tubes 
and the TE layer instead of releasing it into the air [20]. 
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 BIPV/BIPVT Designs 
 When the solar modules are integrated into the building envelope as a part of the structure 
for energy harvesting, this system is called building integrated photovoltaics (BIPV). The BIPV 
panels could be installed on the roof, façade of the building, or even on the wall. This way, by 
avoiding the material redundancy of the conventional method which is installing the solar panels 
on the already constructed roof, the initial cost of the BIPV panels can be offset by the capital 
spent on building material and labor that are needed to install solar panels on the roof. This design 
can be further improved by incorporating a heat harvesting/management system in the BIPV and 
thus, achieving a building integrated photovoltaics and thermal (BIPVT) system. By introducing 
thermal management into the BIPV system, the bifold purpose heat energy harvesting and thermal 
management of the building skin are achieved. In a BIPVT, the heat is transferred to a tubing 
system via a conductive layer, and inside the tubing system which could be made of aluminum, 
steel, or copper, a fluid which usually could be water or a mixture of water and glycol is circulating. 
Thus, the water that has absorbed the heat and becomes relatively warm could be used in the hot 
domestic water system of the building to improve the efficiency of the unit. Accordingly, the 
BIPVT can overcome the challenges of the current PV panels. Considering the green movement, 
the growing concern for global warming, and the increase of greenhouse gasses in the atmosphere, 
it is expected that BIPVT panels become the backbone of the zero-energy buildings [29]. Some of 
the advantages of the BIPVT panels are as follows: 
• A higher stable efficiency of PV utilization due to the thermal management of the PV 
module allowing it to work at lower temperatures. 
• The output thermal fluid that is partially warmed can be used for water or floor heating 
systems for domestic usage. 
5 
 
• Placement of the BIPVT on the roof can result in less variation of the indoor temperature, 
resulting in thermal comfort and better energy management for the building. 
• The thermal fluid system can be used in winter to melt the snow/ice on the solar panels, 
preventing snow accumulation in addition to enhancing solar energy utilization. 
• The modular design of the BIPVT allows easy replacement of the panel and delamination 
for reusing or recycling of the components. 
 BIPVT systems are commonly categorized into open loop or closed-loop configurations. 
The open-loop design incorporates the use of air as the heat transfer media, whereas, in the closed-
loop system, a fluid is used for cooling and thermal energy collection. In general, closed-loop 
systems are more efficient than open-looped due to the high thermo physical properties of the 
liquid compared to the air. In closed-loop BIPVT, water is the common liquid for heat energy 
absorption. To avoid freezing in cold regions, a mixture of water and glycol or pure glycol can be 
used as the thermal fluid to lower the freezing point of the liquid. 
 The three thermal management methods commonly used for BIPVT panels are active, 
passive, and hybrid. In passive systems, the use of heat or light is optimized by the design, 
placement, or material’s choice itself, whereas in active systems, a device or additional 
components is used to convert the sun’s energy into another useful form such as electricity or hot 
water [30, 31]. The hybrid method is a combination of the two to incorporate the fluid (or air) 
driven cooling system with phase change materials (PCM). In PCMs, their phase transition 
property is used for energy storage, usually in the form of latent heat. The PCM absorbs the heat 
generated during the solar panel operation and releases it at nighttime when there is no solar energy 
intake. The addition of PCM to the BIPVT provides a continuous supply of thermal energy. The 
mechanism of this system is as following [32, 33]: 
6 
 
1. The heat that is generated during daytime by the solar panel is transferred from the back 
of the panel via the thermally conductive layer to the PCM layer. This will result in 
reducing the temperature of the PV. 
2. The PCM stores the sensible heat until it reaches its melting temperature, then it 
transitions from solid to liquid. The excessive heat is then transferred to the thermal 
management fluid which could be air, water, glycol, etc. 
3. The received heat by the fluid can partially heat the building’s indoor air or be used in the 
domestic hot water system as preheated water. 
Research studies have shown that this system can result in 56.8 to 104.4% energy consumption 
reduction of the building, thus, approaching a net-zero or even net-positive energy building [34]. 




Figure 2: Classification of façade-based BIPVT systems [35]. 
 Phase Change Materials 
 Phase change materials (PCMs) have been receiving a great deal of attention for various 
thermal energy storage applications because they help conserve energy and increase energy 
efficiency by utilizing PCMs’ latent heat. A PCM is a latent heat storage material that can absorb 
and releases thermal energy in order to maintain a regulated temperature. PCMs absorb heat when 
there is an energy surplus and dissipates heat when there is an energy deficit. PCMs are often 
classified as inorganic, organic, and eutectic. The most commonly used organic PCMs are usually 
petroleum-derived. Inorganic salt-based PCMs are corrosive and often demonstrate a supercooling 
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phenomenon which results in phase separation over time and consequently, loss of thermal 
properties. Eutectic PCMs are a combination of two or more types of PCMs that are compatible 
with each other and thus, can be mixed. The eutectics provide the advantage of having a wide 
phase transition temperature and thus, the control to achieve the desired range depending on the 
application. Even though a lot of progress has been made in PCMs-related research and 
applications, the majority of the PCMs are considerably more expensive than conventional 
materials/methods. Therefore, in recent years researchers are looking into the development of bio-
derived PCMs (e.g., plant-based, waste cooking oil, wasted animal fat residue). Some of the 
considerations for selecting a PCM are thermo-physical properties such as phase transition 
temperature, enthalpy, density, heat capacity, thermal conductivity. PCMs can be in the form of 
liquid, slurry, or microencapsulated. The applications could include being directly embedded 
inside the wall panels or porous structure layer of a BIPVT. Due to its high latent heat capacity, 
PCM-concrete is able to not only reduce the temperature fluctuation but also shift the 
heating/cooling peak loads at the inner wall of a structure. 
 Asphalt Thermal Management 
 Weather phenomena such as rain, sunshine, or temperature variation throughout the day or 
seasons can negatively affect the chemical stability of the asphalt pavement, damage its structural 
integrity, and reduce its performance and safety. Low temperatures in winter could cause thermal 
cracking due to thermal tensile stress in different layers. High temperature in summer may results 
in expansion, deformation, softening. Pavement can also undergo thermal fatigue cracking which 




 Inspired by human skin, this concept applies thermal tubes underneath the pavement to 
keep the surface temperature of the pavement within a certain temperature all year round, which 
as a result, would prevent the asphalt from thermal distresses caused by temperature variation, 
while engendering synergistic energy benefits, and removing the need for use of traditional snow 
removal practices in the winter. In this technology, heat is collected from the in-service solar panels 
and transferred via a working fluid to tubes underneath the pavement. Therefore, on one hand, a 
system to improve the thermal and structural properties of asphalt pavement is introduced by 
making a composite material and apply an underlying network of tubes with circulating fluid. On 
the other hand, to rely on a standalone and sustainable source of energy, solar panels are used for 
both the required electricity for circulation pumps and sensors, and to harvest heat that is generated 
in the panels as a result of exposure to sunlight. The innovations in this research include: 1) design 
and testing a hydronic system for collecting heat from solar panels, which restores the module’s 
efficiency to its maximum operating value; 2) increasing the heat transfer coefficient of the asphalt 
pavement by incorporating thermally conductive modifiers such as carbon nanotubes; 3) 
modifying the asphalt pavement by adding recycled crumb rubber to the mixture to increase the 
rutting resistance of the pavement and make it more durable when exposed to ultraviolet rays from 
sunlight; 4) applying the above elements along with a system of tubes underneath the pavement 
overlay for temperature regulation throughout the year. 
 The proposed asphalt pavement surfacing technology is built upon our previous work on 
self-heated pavements [36, 37] and foamed asphalt materials [38, 39]. It consists of: i) thermal 
tubes formed in a loop and installed at the bottom of the surface layer; ii) a ground heat exchanger 
that consists of ground source heat pumps, ground loops, and a thermal fluid circulation system; 
iii) circulation pumps to circulate the geothermal fluid between tubes in the pavement and the 
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ground loops; (iv) a solar system including photovoltaic (PV) solar panels, converters, and 
batteries to power the system; v) a smart sensing and control system for automatic operation of the 
system; vi) thermal conductive pavement overlay, engineered with nanomaterials for higher heat 
exchange efficiency. 
 
Figure 3: Schematic illustration of the proposed multifunctional pavement system. 
 In a broader picture, the ultimate goal is designing a net-zero house that in addition to the 
above system, has a geothermal well filled with phase change materials (PCMs) for daily and 
seasonal heat exchange and storage for self-heating/cooling of pavements, energy-efficient 
appliances, as well as other geothermal applications. Coupling with a building integrated 
photovoltaic thermal (BIPVT) system, the geothermal well takes advantage of the relatively 
constant temperature and huge heat storage capacity of underground earth for heating and cooling 
of buildings. As a result, it can significantly improve the efficiency of the heating, ventilation, and 
air conditioning (HVAC) systems or even replace conventional HVAC systems. Figure 4 provides 
a schematic illustration of the geothermal well used in an energy-efficient building. Solar-
geothermal coupled energy harvesting is not the simple superposition of two methods, but a 
Electricity for power, sensing and monitoring 




complementary approach to improving the efficiency of every single method. Taking heat away 
from the roof to the ground in summer will recover the PV efficiency and provide a seasonal heat 
supply in winter. In addition, the geothermal well will be filled with PCMs possessing high latent 
heat, which provides a heat reservoir with a relatively uniform temperature to extend the heat flux 
window and improve heat flow rate. As such, heat transfer in the HVAC system will be 
significantly accelerated for enhanced thermal comfort and building energy efficiency. The high-
quality heat stored in the PCMs can also be used as an additional heat source and sink for seasonal 
heating and cooling of the building and surrounding pavements. While the current research mostly 
targets petroleum-based paraffin wax PCMs, here, we are going to use an animal-based waste fat 
to achieve a high latent heat PCM. To prevent potential PCM leakage and associated 
environmental problems, PCMs can be packaged in thermally conductive bags, which in turn will 
enhance heat transfer efficiency between the heat pump system and the underground. 
 
Figure 4: An overview of the net-zero energy building with a geothermal well.  
12 
 
 Scope of This Study 
 The primary objective of this dissertation is to investigate some components that can be 
used in the hydronic heating and cooling asphalt pavement coupled with a solar panel to provide 
the required fluid input as well as the energy for automation and sensors. These elements can 
improve the concept and complete the missing parts to achieve a system that can effectively work 
throughout the year and according to the needs of the desired location. Some of the considerations 
could be the temperature, traffic load, location of the hydronic system, bedrock type, solar 
irradiation, etc.  
This dissertation is composed of six chapters as follows: 
 Chapter 1 is the introduction and some background information. In Chapter 2, the use of 
crumb rubber from recycled tires in asphalt binder and its resistance to ultraviolet rays of sunlight 
is explored. The use of ground tires has been an effective practice to reuse the waste tires that used 
to end in landfills. The crumb rubber can be directly added to the binder or be used in the mixture 
of aggregates and binder. Another factor that should be considered is the daylight exposure of the 
pavement overlay to sunlight, especially the ultraviolet rays of the sun which in the long run have 
proved to be detrimental to the binder’s volatile components and result in oxidative aging, 
hardening, thermal cracking, and eventually failure of the pavement if not treated [40]. By 
preparing two dosages of 16.6 wt.% and 20.0 wt.% of crumb rubber and exposing them to a UV 
simulated lamp in the lab, their chemical, thermo-physical, rheological and microscopic 
morphology is explored. 
 In Chapter 3, the addition of carbon nanotubes (CNTs) as a nano modifier to asphalt binder 
is studied. Carbon nanotubes are known to have some exceptional properties such as high thermal 
conductivity which could be a great contribution to the asphalt pavement for the hydronic heating 
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and cooling system. Increasing the thermal conductivity of the surface pavement will results in 
faster dissipation of the heat to the surface from the underlying tubes, and thus, a more efficient 
system. Here, the CNTs are added to the binder via an in-house foaming machine. The foaming 
technology injects air and water into asphalt resulting in a binder with larger volume and lower 
viscosity. By a combination of both CNT material and the foaming method, it is expected that the 
final asphalt mixture can be more conductive while also having higher workability and less binder 
content, which ultimately is more economic and with higher performance. Here, two dosages of 
3% and 6% multi walled carbon nanotubes (MWCNTs) are added to a base PG64-22 binder by 
foaming with water as the agent, and therefore, resulting in 0.12 wt.% and 0.24 wt.% of foamed 
CNT modified asphalt binder. The samples are tested for their thermal conductivity, rheology, 
thermal properties including heat capacity and glass transition. 
 In Chapter 4, a novel hydronic design for BIPVT is presented which includes a layer of 
foamed aluminum with aluminum tubes cast inside. This extension design adheres to the back of 
a silicon solar module via carbon tapes which are thermally conductive tapes. It is known that by 
exposure of the silicon solar cell to sunlight, its temperature increases which results in lower 
performance and efficiency of the solar panel. Therefore, this cooling system with running water 
in the aluminum tubes is expected to lower the surface temperature of the module while also 
providing partially heated water that can be used either for domestic use in buildings or the input 
water to the hydronic heating and cooling pavement system. The BIPVT prototype is subjected to 
testing with six different flow rates of 100 to 600 ml/min with an increment of 100 and the results 
are compared via the thermocouples that are placed on the different locations of the panel’s surface 
in addition to the inlet and outlet water. In the end, an optical flow rate is selected for running this 
system to achieve a balance of cooling performance and the outlet water temperature. 
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 In Chapter 5, the feasibility of converting animal fat to a phase change material is studied. 
So far, many researchers have explored alternative bio sources for the more common paraffin was 
or petroleum-based PCMs. However, in most of the research work, the free fatty acids as the raw 
material are purchased from a provided. While there have been some research works that 
researchers tried to achieve a PCM from the animal fat, the resulting PCM had a very low latent 
heat. Therefore, this chapter explores whether it is possible to extract the free fatty acids from the 
waste animal fat while also achieving a high latent heat. First, the composition of the animal is 
investigated. Afterward, a hydrolysis method is performed to separate the free fatty acids from 
triglyceride molecules. The latent heat values of FFAs are measured and compared with the raw 
animal fat. Next, esterification is done to examine any improvement in the latent heat values, 
Finally, separation by crystallization is done to separate the saturated fatty acids that are expected 
to have a much higher latent heat value. The characterization results confirmed that the separation 
has been done successfully. Also, the measurements of the thermal properties of the separated 
saturated fatty acids proved the high latent heat values.  
 Chapter 6 summarizes the dissertation with some conclusive remarks for research activities 





Chapter 2: Analysis of the Aging Effect of Recycled Crumb Rubber 
in Asphalt Binder 
2  
 Overview 
 Many researchers in recent years have studied the aging mechanism of asphalt binders by 
doing laboratory experiments and computer simulations [41-44]. Asphalt aging is explained by 
two main mechanisms: the oxidization of functional groups in asphalt and the volatilization of its 
light molecular components, which function as peptizing agents [45-47]. Through these two aging 
mechanisms, the concentration of asphaltenes and resins in asphalt binder often increases, making 
the binder stiffer and more brittle [45]. The aging mechanism for the rubber-modified binder is 
even more complex than the neat binder, because of the dynamic nature of crumb rubber (CR) 
particles in the asphalt, and the effects of time and temperature on the enhancement of the physical 
properties of the rubber-modified binder [48]. CR particles absorb aromatics in asphalt and swell 
three to five times their original size at elevated temperatures [49, 50]. However, they do not reach 
their maximum level of swelling during the interaction period [51], which leads to the different 
behavior of asphalt binders during the aging processes with oxidization, volatilization, and 
degradation [52]. It is known that polymeric components can affect the aging mechanism of asphalt 
[45, 53-55]. Polymeric chains function as retardants in asphalt and hinder the penetration of 
oxygen molecules while reducing the oxidization rate of asphalt’s functional groups [56, 57]. 
Polymeric chains may degrade during aging and consequently neutralize part of the physical 




 Among all the environmental factors that affect the long-term performance of the 
pavement, the photo-oxidation of the binder by the ultraviolet (UV) spectrum of sunlight is a 
phenomenon that has gained more attention recently [40, 60]. In general, the physicochemical 
interactions between the asphalt and the crumb rubber (CR) particles that occur when subjected to 
UV rays alter the thermophysical properties of the CR-modified binder and accordingly, 
influencing the pavement’s performance. One of the most important thermophysical parameters of 
asphalt is its thermal conductivity that affects the heat transfer in asphalt pavements. Specifically, 
the thermal conductivity of asphalt binders contributes to the temperature distribution in asphalt 
pavements and thus, affects the viscoelastic modulus and the temperature profile near the 
pavement surface [61]. 
 In a substance with high thermal diffusivity, heat moves rapidly through the substance, and 
it generally does not require much energy from its surroundings to reach thermal equilibrium and 
vice versa [62]. CR-modified binders deserve particular attention since their thermal conductivities 
and diffusivities are affected by the ratio change [63]. Rubber is usually applied as a thermal 
insulation material in buildings for its low thermal conductivity and therefore, adding CR to the 
asphalt binder may influence the thermal conductivity and the temperature distribution within the 
asphalt pavement, which consequently affects the rutting resistance of pavement [64]. 
 The objective of this chapter is to investigate the influence of UV exposure on the chemical, 
thermal, rheological, and microscopic structure of neat binder as well as modified ones with 
different contents of Crumb Rubber (CR) at their service temperatures. In the following, asphalt 
binders with different contents of crumb rubber powder (0%–neat binder, 16.6%, and 20.0%) are 
prepared and then exposed to ultraviolet rays. The aging effects due to the UV exposure and the 
role of crumb rubber modifier are evaluated with various chemical characterization tests and 
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optical methods being Fourier-Transform Infrared (FTIR) Spectroscopy, Differential Scanning 
Calorimetry (DSC), Laser Flash Apparatus (LFA), Dynamic Shear Rheometer (DSR), and 
Scanning Electron Microscopy (SEM). 
 Materials and Methods 
2.2.1 Preparation of the Samples 
 Neat binder (PG 64-22) was obtained from Peckham Industries, Inc. (Bronx, New York, 
USA). Characteristics of the neat binder as obtained from the supplier are shown in Table 1. Crumb 
Rubber (CR) particles with an average size of 0.42 mm and a relative density of 0.46-0.51 g/cm3 
were obtained from Albatros Ecologia Ambiente Sicurezza Soc. Cons. a r.l. (Italy). The rubber 
powder consists of vulcanized rubber polymer, carbon black, zinc oxide, magnesium silicate, 
aluminum silicate, and extender oil. The properties of the CR particles are shown in Table 1. 
Table 1: Penetration, viscosity, and specific gravity of the neat binder PG 64-22. 
Property Value 
Penetration at 25°C (1/10 mm) 65 
Viscosity at 135°C (cSt) 493 
Viscosity at 165°C (cSt) 135 
Specific gravity at 15°C 1.043 
Specific gravity at 25°C 1.037 
 
 To make a CR-modified binder, the ASTM D6114M-09 standard suggests that a rubber-
modified binder should have at least 15 wt.% of rubber [65], and standards from other states or 
countries defined a rubber content of 15-24 wt.% [50]. This minimum of 15 % was initially set to 
maximize the use of recycled tire rubber (RTR), although it has now been removed from the 
standard. The initial minimum percentage was not intended based on performance related tests and 
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does not necessarily result in optimum performance for traffic, environmental factors, or sound 
reduction of the project [66]. However, there should be enough content of rubber particles inside 
the binder to react with the binder and cause swelling of the rubber particles. 
The weight ratio in these standards is defined as Eq. (1): 
 In this work, two different weight ratios of CR-modified binders were chosen, 16.6 wt.% 
and 20.0 wt.% following the formula in Eq. (1). The two rubber-modified binders were made using 
the “wet-process”: (1) a clean glass beaker was weighted and zeroed on a scale; (2) hot neat binder 
(preheated to ~130°C) was poured into the beaker, and the net weight of the neat binder was 
recorded (with a precision of ±0.01g), and then the beaker with the neat binder was placed onto a 
hot plate (temperature set at 190°C); (3) the right amount of crumb rubber according to the 
designed ratio was weighted; (4) a shear mixer, centered on top of the beaker, was used to stir the 
hot neat binder, while slowly the crumb rubber particles were added into the hot liquid bitumen. 
The shear speed of the mixer was set at 600 rpm, and the mixing process lasted for almost 60 mins. 
The height of the mixer blades was adjusted at 20 mins and 40 mins after the beginning of the 
mixing process to achieve a more uniform mix as the volume of the binder increased.  
 To prepare the samples to be exposed to UV rays, the ASTM D1669 Standard “Practice 
for Preparation of Test Panels for Accelerated and Outdoor Weathering of Bituminous Coatings” 
was used with some modifications [40]. For this study, three types of samples were prepared: one 
for running Fourier-transform infrared (FTIR) spectroscopy test, and the other two of similar 
design yet with different thicknesses for running dynamic shear rheometer (DSR) and Nanoflash, 
as shown in Figure 5a and b, respectively. For preparation, the neat and the rubber-modified 
 %𝑤𝑤𝑤𝑤. =
weight of crumb rubber
weight of crumb rubber +  weight of neat binder 
 (1) 
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samples were poured onto aluminum plates that were covered beforehand with UV resistant tape 
(Black Gorilla® Tape) and heat pressed to reach the desired thickness. One set of all the samples 
were kept at room temperature as the reference (Unaged samples) whereas, the other set was 
inserted inside a weathering chamber so that the specimens could be exposed to the UV rays (Aged 
samples). 
                
Figure 5: a) Prepared samples for FTIR with a dimension of 1.27 cm×0.63 cm (0.5 
in×0.25 in); b) Prepared samples for DSR and Nanoflash, with a dimension of 3.17 cm×3.17 
cm (1.25 in×1.25 in). 
2.2.2 UV Aging: QUV Accelerated Weathering Tester 
 The samples are conditioned in a QUV Accelerated Weathering Tester, which resembles 
the damage caused by weather and ultraviolet (UV) rays of sunlight (Figure 6a). In this instrument, 
fluorescent UV lamps simulate the wavelength of sunlight. The QUV can accelerate effects due to 
UV rays and weathering conditions in just a few days that normally takes months or years in 
outdoor exposure. It uses alternating cycles of UV, moisture (if selected), and condensation at 
controlled elevated temperatures to expose the samples to weathering conditions.  
 The UVA-340 lamp with a peak emission of 340 nm provides the best simulation of the 
sunlight in the critical short wavelength region from 365 nm down to the solar cutoff of 295 nm 
(Figure 6a). In this study, the ASTM 4799 standard practice for “Accelerated Weathering Test 
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Conditions and Procedures for Bituminous Materials” was used as a reference. The samples were 
placed at the bottom of the instrument (Figure 6b) and were exposed to 100 hours of UV rays with 
a radiation intensity of 0.89 W/m2.nm and a reduced temperature of 45oC (i.e., the lowest operating 
temperature that this instrument allows). This temperature setting is based on the findings from 
Zeng et al. [67] that the influence of temperature can be neglected if it is below 50oC. Each cycle 
included 8 hours of UV light followed by 4 hours of rest period, simulating the simplified ratio of 
the daylight to nighttime. After the 100 h conditioning was finished, the samples were removed 
from the QUV instrument and used for running the FTIR, DSC, Nanoflash, and DSR tests. 
     
Figure 6: a) Comparison of UV lamps wavelength with sunlight; b) Neat and rubber-
modified asphalt samples in the QUV tester. 
2.2.3 Fourier-Transform Infrared Spectroscopy (FTIR) 
 The Thermo Scientific Nicolet iS50 FT-IR Spectrometer was used to acquire the spectra 
of each sample to study changes in their chemical functional groups due to the addition of rubber 
particles and UV exposure. For unaged samples, a small amount of materials was taken from 
random locations of the container in which the samples were stored. For UV aged samples, a thin 
layer (less than 1 mm) of material was taken from the very top surface of the thin films with a 
sharp razor [55]. The spectra were recorded from 4000 cm-1 to 400 cm-1 using ATR-FTIR with 
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an average of 32 scans at 4 cm-1 resolution and background scans were subtracted before each 
measurement. All spectra were analyzed using the Essential FTIR v3.50.169 from Operant LLC. 
Manual baseline correction with a cubic spline was applied to all spectra in comparison. Multiple 
measurements were carried out for each sample for statistical analysis. 
2.2.4 Differential Scanning Calorimetry (DSC) 
 Changes in the thermal properties (e.g., specific heat capacity 𝐶𝐶𝑝𝑝 and glass transition 
temperature 𝑇𝑇𝑔𝑔) of all binders were evaluated using a TA Instruments Q250 Differential Scanning 
Calorimeter (DSC). For sample preparation, Tzero hermetic pans and hermetic lids were used to 
hold 10-20 mg of samples (including all asphalt binders and the rubber particles as obtained). To 
evaluate the UV aging effect, a thin film (< 1 mm) of material was taken from the very top surface 
of the UV aged samples with a sharp razor. No further drying process was applied to the samples 
before sealing the pan. The modulated DSC (MDSC) function was employed because it provides 
greater sensitivity than regular DSC, and it allows for differentiating between reversing and non-
reversing thermal behaviors in materials [68]. MDSC heating and cooling curves were obtained at 
different rates with a modulation period of 60 seconds and an amplitude of ±0.47°C. A nitrogen 
cooling system was used for cooling and the nitrogen gas was purged at a rate of 50 ml/min. All 
samples were subjected to the following thermal cycles: (i) initial rapid cooling: after being 
equilibrated at 100°C, the samples were cooled to -60°C at a ramp rate of 10°C/min and then held 
isothermal for 5 mins; (ii) first heating: -60°C to 100°C at 4°C/min and then held isothermal for 5 
mins; (iii) first cooling: 100°C to -60°C at 4°C/min and then held isothermal for 5 mins; (iv) second 
heating: -60°C to 100°C at 4°C/min and then held isothermal for 5 mins. Specific heat and glass 
transition temperature were determined from the second heating (i.e., step iv) as this cycle gives a 
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more stable measurement of the sample’s thermal property. At least three measurements were 
conducted for each sample for statistical analysis. 
2.2.5 Flash Method to Measure Thermal Properties 
In order to measure the thermal conductivity of the samples, the flash method was used. The flash 
method of measuring thermal diffusivity was first described by Parker in 1961 [69]. Thermal 
diffusivity α (unit: mm2/s) is a measure of the thermal inertia of a material. It gives an insight into 
how fast heat is propagated through the medium. Its concept is based on deriving thermal 
diffusivity from the thermal response of the rear side of an adiabatically insulated infinite plate 
whose front side is exposed to a short pulse of radiant energy. Several improvements to the model 
have been made. In 1963 Cowan took radiation and convection on the surface into account [70]. 
Cape and Lehman considered transient heat transfer, finite pulse effects, and also heat losses in the 
same year [71]. Blumm and Opfermann improved the Cape-Lehman-Model with high order 
solutions of radial transient heat transfer and facial heat loss, non-linear regression routine in case 
of high heat losses, and an advanced, patented pulse length correction [72]. 
 In this study, a Nanoflash LFA 447 from Netzsch Instruments was used to perform the 
measurements (Figure 7) according to the above flash method and by following the ASTM E-1461 
standard. The Nanoflash LFA 447 uses a high-performance Xenon flash lamp to produce the heat 
pulse on the front of the sample. The pulse width is adjustable between 0.06 ms and 0.3 ms. The 
measurement of the temperature increase on the rear of the sample is carried out with a liquid-
nitrogen-cooled InSb (Indium-Antimonide) infrared detector. Both the detector and amplifier 
components are designed for measurements with a data acquisition rate of 500 kHz. The 
temperature in the sample holder is controlled by a furnace and can be set between room 
temperature and 300°C. A liquid sample holder with a diameter of 12.7 mm designed for low 
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conductivity materials was used for the measurements. The thickness of the samples was kept 
consistent in the range of 1 to 3 mm and was accurately measured. Three shots were applied to 
each sample and a suggested gain of 5012 at medium pulse width was used with a 20-second delay. 
All analyses were done using the Cowan model with pulse correction. The instrument was first 
calibrated by measuring the thermal conductivity of deionized water at 25°C and the results were 
within 1% deviation from the literature. Having determined the thermal diffusivity and the specific 
heat capacity, it is possible to derive the thermal conductivity of the samples: 
 
where 𝛼𝛼 is the thermal diffusivity, 𝐶𝐶𝑝𝑝 is the specific heat and 𝜌𝜌 is the bulk density. 
 
Figure 7: Schematic illustration of the Nanoflash LFA 447 apparatus (credit: Netzsch). 
2.2.6 Dynamic Shear Rheometer (DSR) 
 To evaluate changes in the rheological properties of the neat binder and rubber-modified 
binders before and after UV exposure at medium to high temperatures, a Bohlin Gemini II dynamic 
shear rheometer (DSR) from Malvern Instruments was used. This instrument can be operated 
 𝜆𝜆 = 𝛼𝛼 ∙ 𝐶𝐶𝑝𝑝 ∙ 𝜌𝜌 (2) 
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within the range of room temperature to 300oC, and to run samples at temperatures below 25oC, it 
needs to be connected to a liquid nitrogen inlet. In this study, an oscillation mode was conducted 
in accordance with AASHTO T315-10, running a frequency sweep test from 0.1 to 100 rad/s with 
1% controlled strain in the temperature range of 34oC to 88oC with an increment of 6oC and an 
accepted tolerance of ±0.1oC. A temperature calibration of 300 seconds and an integration time of 
200 seconds with 5 seconds delay were chosen to make sure the sample has been equilibrated and 
reached a steady temperature before running the oscillation at each temperature. The ETCPP25 
parallel geometry plates (25 mm in diameter) were used to perform all tests. The gap size was set 
to 1 mm and a 7% trimming gap was considered (1.070 mm) to produce a bulge after the sample 
has been trimmed. This is necessary to make sure after trimming, a disk shape geometry is formed 
to achieve accurate measurements. Master curves were generated using the time-temperature 
superposition (TTS) principle with a reference temperature of 58oC. From the output file, measured 
parameters such as complex modulus, complex viscosity, and phase angle were used to analyze 
the results. 
2.2.7 Scanning Electron Microscope (SEM) 
 A Philips FEI (XL20) SEM was used to study the microscopic morphologies of the asphalt 
binders. Image formation in an electron microscope requires a high vacuum environment. Thus, 
the drying of samples was a prerequisite for viewing and obtaining good images in a normal high 
vacuum SEM system. A rotary and a diffusion pump were used to vacuum-seal the samples at a 
maximum vacuum level of 1×10-4 torr. The metallization process was performed using the 
aluminum coating. Coating of samples is required to make the samples conductive to avoid 
charging of electrons as well as to reduce thermal damage and improve the secondary electron 
signal required for topographic examination in the SEM. Therefore, a thin layer of aluminum (with 
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a thickness of about 8±3 Å) was coated on all samples. It should be noted that the increase in 
temperature during the coating phase is negligible with respect to the heat generated by the electron 
band during SEM scanning. 
 Results and Discussion 
2.3.1 Elemental Analysis by FTIR 
 FTIR spectra of all six samples are shown in Figure 8 and it seems that UV aging is the 
dominant factor causing differences in the spectra. No obvious difference was seen in the IR 
spectra of the three unaged samples (neat, 16.6%, and 20.0% rubber binders), indicating that 
adding rubber particles did not cause any significant difference in the rubber-modified binders 
compared with the neat binder. 
 
Figure 8: ATR-FTIR spectra of unaged and UV aged neat binder, 16.6% CR-modified 
binder, and 20.0% CR-modified binder. The insets show zoomed-in absorbance peaks at 1710 
cm-1 (C=O), 1600 cm-1 (aromatic groups), and 1030 cm-1 (S=O). 
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 After 100 hours of UV aging, a few distinct changes occurred in the IR spectra of the 
samples. For instance, the aromatic stretching vibrations at 1600 cm-1 evolved to be two split peaks 
at 1577 cm-1 and 1540 cm-1. Carboxylic acid C=O stretching (1710 cm-1) appeared in all three UV 
aged samples. In addition, a broad strong peak in the range of 3200-3550 cm-1 is identified in the 
three UV aged samples, which is attributed to alcohol/phenol O-H stretching [73]. These changes 
in the IR spectra due to UV aging have also been reported in the literature [74-76]. 
 For quantitative analysis, structural indices of the aliphatic bond (1376 cm-1) and sulfoxide 
bond (1030 cm-1) were calculated to compare their intensity differences due to the addition of CR 
particles and UV aging. This is done by normalizing the area under these peaks by the total area 
of the spectral bands between 600 cm-1 to 2000 cm-1) [75, 76]. The aliphatic (Ialiphatic) and sulfoxide 
(IS=O) indices are shown in Figure 9(a) and (b), respectively. Standard deviations for the two 
indices are smaller for the three unaged samples than those for the UV-aged samples. Such a 
difference is probably due to the challenge in controlling the depth when scraping the thin layer of 
material off the surface of the UV-aged samples. The neat-unaged, 16.6%-unaged, and 20.0%-
unaged had comparable aliphatic and sulfoxide indices, consistent with the earlier qualitative 
comparison. The three UV aged samples had smaller aliphatic indices and larger sulfoxide indices, 
indicating that the samples went through oxidation during UV aging. This is in agreement with 
other researchers [73, 75, 76]. Among all three UV-aged samples, the 16.6%-aged had the smallest 
sulphoxide index (by average values). Therefore, it is likely that the 16.6% rubber binder could 





Figure 9: a) Aliphatic index, and b) Sulfoxide index of unaged and UV aged neat 
binder, 16.6% and 20.0% crumb rubber (CR)-modified binders. 
2.3.2 Heat Capacity and Glass Transition by DSC 
 Specific heat of all six samples increased slowly as a function of temperature, with a rate 
of (0.0029 – 0.0035) J.g-1·°C-1 per Celsius degree in a temperature range 25°C to 40°C (data not 
shown). Figure 10a shows the specific heat of all six samples at 30°C. For unaged samples, adding 
rubber particles into neat binder PG 64-22 produced rubberized binders with slightly lower specific 
heat values on average. This may be caused by the mixing of rubber with the binder where rubber 
particles with lower specific heat (i.e., 15% less than that of the unaged neat binder) reduced the 
specific heat of the CR-modified binders. Reduction in specific heat capacity for CR-modified 
binders relative to the neat binder found in this study is consistent with findings from Chen et al., 
2015 [63] in which recycled tire rubber was used to improve the heat insulation performance of 
asphalt binders and mixtures. However, the specific heat of unaged 16.6% and unaged 20.0% CR-
modified binders did not appear to decrease proportionally with respect to the unaged neat binder 





Figure 10: a) Specific heat capacity, and b) Glass transition temperature of neat binder, 
16.6% and 20.0% crumb rubber (CR)-modified binders without and with 100-hour UV aging. 
 After 100 hours of UV aging, interestingly, the specific heat of all three samples increased 
but to different extents. Specific heat of UV aged 16.6% increased the most (i.e., by 29% as 
compared to its unaged counterpart), and it is also 2% higher than that of the neat-aged on average. 
The UV aged 20.0% had the lowest specific heat, 24% smaller than that of the neat-aged on 
average. It seems that adding 16.6% CR produced a binder with better UV aging resistance as 
compared to the neat and the 20.0% CR in terms of specific heat change. However, to answer what 
weight percentage of CR produces rubber-modified binders with overall better thermal properties 




Figure 11: The derivative of reversing heat capacity with respect to temperature for 
unaged and UV-aged neat binder, 16.6% and 20.0% CR-modified binders. All six samples 
showed a strong Tg around -16°C (highlighted in the vertical red dotted line). As compared to 
the unaged samples, the UV aged samples displayed secondary Tgs within -5°C to 25°C 
(highlighted in the red rounded rectangle). 
 Figure 10b and Figure 11 show that all samples had a strong glass transition centered 
around -16°C, regardless of the sample type or aging conditions. The two rubberized binders 
(16.6% and 20.0%) had glass transitions at slightly higher temperatures (i.e., the absolute values 
of Tg is smaller) than that of the neat binder, and this is independent of the aging condition. The 
higher Tg values in CR-modified binders can be attributed to the stiffening effect of the rubber 
particles [50]. However, adding CR particles into this specific type of neat binder did not likely 
cause any phase instability issue in the CR-modified binders because the derivatives curves in 
Figure 11 for samples in both the unaged and UV aged groups follow similar trends. UV aging led 
to more pronounced secondary weak Tg values within -5°C to 25°C, indicating that chemical 
incompatibility or phase separation might have occurred in the UV aged samples. 
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2.3.3 Thermal Conductivity by Nanoflash 
 Figure 12 shows the thermal conductivity values of all samples measured by the Nanoflash. 
It can be seen that for both unaged and UV aged samples, the thermal conductivity increases as 
the temperature increases. However, as compared to the two rubber-modified binders, the neat 
binder has a larger increasing rate in its thermal conductivity as a function of temperature. Thermal 
conductivity decreases with an increase in the rubber powder content, with the unaged 20.0% 
sample having the lowest thermal conductivity. Such a trend can be attributed to the lower 
conductivity value of the crumb rubber as compared to the neat binder; the same mixture effect as 
mentioned in the specific heat values measured by the DSC. From the paving practice point of 
view, the larger the thermal conductivity, the faster the trapped heat in the pavement can be 
dissipated, thus resulting in less overall thermal cracking. However, the relaxation capability of 
the pavement should also be considered, since a faster heat propagation in the pavement with low 
relaxation capability could cause thermal stress and eventually cracking in the pavement. 
Reduction in thermal conductivity of CR-modified binders could lead to some early age thermal-
related distress within asphalt binders. The UV aging effect on the thermal conductivity of asphalt 
concrete using CR-modified binders can provide more insights into distresses in the pavement.   
 After UV aging, the thermal conductivity decreases for pure and rubber-modified samples, 
as compared to the corresponding unaged samples. This is true for all three temperatures that were 
measured (i.e., 30°C, 35°C, and 40°C). The neat binder and the 16.6% rubber binder have higher 
drops after UV aging whereas the 20.0% rubber binder only has a slight reduction after UV aging. 
To make a more comprehensive evaluation of the thermal properties of the neat binder as well as 
the CR-modified binders before and after UV aging, the trend in the thermal conductivity 
(measured from Nanoflash) of the six samples was compared with that of their corresponding 
31 
 
specific heat (measured from the DSC). It was found that differences in the thermal conductivity 
among these samples are more significant than those in their specific heat. Therefore, thermal 
conductivity might be the dominant factor to evaluate the effect of UV aging on binders’ thermal 
properties. In that sense, before UV aging, 16.6% rubber binder has the best thermal performance 
whereas, after UV aging, 20.0% rubber binder would have a slightly better thermal performance. 
This is consistent with the anti-oxidation effect of UV absorber modified binder [55, 75, 76]. 
 
Figure 12: Thermal conductivity results for unaged and UV aged neat binder, 16.6% 
and 20.0% CR-modified binders at 30°C, 35°C, and 40°C. 
2.3.4 Rheological Properties by DSR 
 In Figure 13a-c, the complex moduli of samples as a function of reduced angular frequency 
are shown on a log-log basis. It can be seen that the CR-modified binders have a higher complex 
modulus at medium and low frequencies (high temperatures), thus, are stiffer than the neat binder. 
The binder modified with a higher rubber percentage has a higher complex modulus than the one 
with a lower rubber percentage and this is true for both unaged and UV aged samples. However, 
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the effect of rubber percentage on complex modulus seems to be smaller in the UV aged samples. 
It can be concluded that exposing the samples to UV rays has caused an increase in their complex 
modulus. For the neat binder, aging caused a 42.3% increase in the complex modulus values, 
whereas, for 16.6% rubber binder, this change is only 18.2 % increase. For 20.0% CR-modified 
binder, UV aging causes a 19.0% increase on average for G* compared to the unaged samples. 
Overall, the complex modulus of 16.6% CR-modified binder was less affected by the ultraviolet 
exposure, especially at mid and higher frequencies (low temperatures) compared to both the neat 
and 20.0% rubber samples.  
 The phase angle as a function of the reduced angular frequency curve for the two CR-
modified binders seems to have a bell shape whereas, for neat binder, the curve is more of a typical 
curve. It is speculated that this observation is due to the addition of the rubber particles which have 
formed a network after swelling inside the asphalt binder and thus, a pseudo-solid behavior is 
observed. The aforementioned findings could also be the results of the addition of elastic 
components (rubber) to the binder, which begin to act as particulate solid when the base asphalt 
presents liquid behaviors. Rubber particles in binder react in a time-temperature dependent manner 
and when the temperature or the exposure time is high, the swelled particles will start to 
devulcanize and depolymerize [50]. The particles that have been depolymerized will gradually 
release the rubber components into the binder, which will result in lower G* and changes in the 
phase angle (δ) of the specimen. To further verify this inference, the complex viscosity versus 





Figure 13: Complex shear modulus and phase angle versus angular frequency. 
 The complex viscosity versus the shear complex modulus curves for all samples is shown 
in Figure 14. While the measurements for both unaged and aged neat samples show a Newtonian 
behavior representing a typical liquid response [77], it is obvious that with the addition of the 
rubber, the viscosity diverges and a more sol-gel or pseudo-solid behavior is observed. This 
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observation can be attributed to the microstructure changes of asphalt binder when rubber particles 
are added, and the formation of networks or semi-solid structures which alter the temperature 
dependence of the samples. These findings are in line with the complex modulus and phase angle 
outputs from the previous part. 
 
Figure 14: Complex viscosity as a function of complex modulus. 
 Figure 15 compares the rutting and fatigue parameters before and after UV aging for 
different percentages of rubber particles. Pavement design requires that asphalt concrete should be 
stiff enough to resist rutting especially during the early and mid-life of the pavement. With every 
traffic cycle on the road, loading and unloading happen on the pavement. Part of the work is 
recovered from the elastic portion of the binder, whereas the other parts are dissipated in the 
pavement as heating, cracking, and permanent deformation [78]. The work being dissipated at 




In which 𝑊𝑊𝑐𝑐 is the work dissipated per load cycle, 𝜎𝜎∘ is the applied stress, G* is the complex 
modulus, and 𝛿𝛿 is the phase angle. Therefore, in order to minimize the Wc, the G*/sinδ should be 
maximized. It is observed that adding rubber particles to the asphalt binder increases the rutting 
parameter. While for neat and 16.6% rubber samples, UV aging causes an increase in the rutting 
parameter, for 20.0% rubber sample, this factor decreases by 5.3%. It seems that for the 
experiment, the 16.6% rubber asphalt showed the best rutting performance when subjected to UV 
aging. 
  
Figure 15: Calculated rutting factor and fatigue factor of the samples. 
 In addition to rutting resistance, an asphalt pavement should be elastic enough to resist 
fatigue cracking. The work that is dissipated at a constant strain per each cycle is defined as: 
 





 𝑊𝑊𝑐𝑐 =  𝜋𝜋𝜀𝜀𝑜𝑜 2 [𝐺𝐺∗ sin 𝛿𝛿] (4) 
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In which, 𝑊𝑊𝑐𝑐 is the work dissipated per load cycle, 𝜀𝜀∘ is the strain during the load cycle, G* is the 
complex modulus, and 𝛿𝛿 is the phase angle. Here, the lower values of the term G*·sinδ will result 
in less fatigue cracking. Figure 15 shows that the neat binder has the lowest fatigue parameter for 
both unaged and UV aged samples. The addition of rubber to the binder affects its fatigue 
performance in an adverse way significantly. However, for rubber-modified samples, the 16.6% 
sample has a lower G* sinδ compared to the 20.0% rubber sample. Overall, considering both 
rutting and fatigue factors, it can be concluded that the 16.6% CR-modified binder has the best 
performance to satisfy both parameters.  
 One factor that should be discussed here is the effective depth of the UV on the aging of 
both the neat and rubber modified binders. Hung and Fini did a study on the effect of ultraviolet 
exposure on the surface and bulk properties of thin-film binders exposed to 0, 20, and 50 hours of 
UV [79]. Using atomic force microscopy with in situ infrared absorption (AFM-IR), they found 
that in their samples with an approximate thickness of 600 nm, the surface of the samples were 
depleted of the CH3 and phenyl group after 20 h of UV, while after 50 h, the results changed into 
enrichments of the surface with CH3 groups. It is hypothesized that the observed reversal effect 
may have resulted from the decomposition of large hydrocarbons into small ones and migration 
from the bulk to the surface. In addition, the bee-like structures of the binder were not clearly 
observed in the surface of the film, depleted of alkenes and hydroxyl compounds. They concluded 
that the binder’s surface should be considered as a separate material phase with different properties 
from the bulk, where the surface lacks asphaltenes and aromatics, and sulfur hydroxyls after UV 
aging.  
 In another study, a base PG 70-28 binder and modified with Styrene-butadiene-styrene 
(SBS) were subjected to thermal oxidation by rolling thin film over test (RTFOT) followed by UV 
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radiation oven test (UROT) [80]. The samples were prepared with different thicknesses of 50, 100, 
150, and 200 µm and were exposed to UV for 48 hours at different intensities of 9.5, 13.9, 17.3, 
and 20.0 mW/cm2. The authors then used FTIR and DSR to investigate and analyze the aged 
samples. The results showed that UROT caused an increase in the viscosity and the carbonyl 
indices of the binder, and accordingly, degradation of the material. The viscosity decreased 
significantly with the increase of the film thickness during UROT again.  
Overall, based on the literature, it seems that beyond 150 µm, the effect of UV is mitigated 
significantly. Therefore, with this having in mind, performing any bulk test such as dynamic shear 
rheometer on a sample with a thickness of 1 mm which is the standard thickness for the 25 mm 
geometry, may not fully represent the aged part of the specimen. However, to further investigate 
this hypothesis, other tests can be performed. One example is the use of a multilayer elemental 
depth profiling analysis instrument such as GD-Profiler from the Horiba. This instrument uses 
glow discharge plasma to analyze element variation in the depth profile of a sample by the gradual 
erosion of the specimen by the plasma (Figure 16).   
 
          




2.3.5 Morphology Results by SEM 
 A Scanning Electron Microscope (SEM) with a magnification of 25~500X was used to 
understand more thoroughly the influence of UV aging on the microscopic morphology of the neat 
and CR-modified binders. The unaged binder (Figure 17) appears to have a single-phase 
continuous yet non-uniform structure, and the presence of crumb rubber was not clearly traceable 
in the images. After going under UV exposure, interlaced cracks were observed on the surface of 
the aged samples (Figure 18). 
     
Figure 17: Morphology of a) neat binder, b) 16.6% CR-modified binder, and c) 20.0% 
CR-modified binder before UV aging. 
   
Figure 18: Morphology of a) neat binder, b) 16.6% CR-modified binder, and c) 20.0% 
CR-modified binder after UV aging. 
 The orthogonal pattern of the cracks in UV aged samples leads to the formation of 
rectangular and isolated polygons and it seems that as the rubber percentage increases the size of 
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the cracks decreases while the cracks form a more organized square shape network. With the 
presence of rubber in asphalt, the cracked binder seems to still hold itself together whereas, in the 
neat binder, a more brittle structure is observed.  
 The underlying mechanism behind the effect of the rubber modified binder in hindering 
the UV aging can be the scarifying effect of the crumb rubber (CR) particles in the samples. The 
rubber as a polymer absorbs most of the ultraviolet radiation and therefore, the composing 
aromatics, saturates, and resin components of the asphalt binder are less affected by the photo-
oxidation due to UV. However, as shown here as well as previous sections from the chemical 
indices and the rheological measurements, this does not necessarily mean that inclusion of the 
higher content of the rubber in asphalt binder would result in more resistance against UV aging. 
Further addition of the rubber particles in the asphalt binder changes the composition of the binder. 
It should be noted that the reaction of the rubber with binder consists of two simultaneous 
processes: one being the partial digestion of the rubber particles in the asphalt binder, and the 
second one which is the adsorption of the aromatic portion of the binder by the rubber particles 
which results in swelling and softening of them, and accordingly, formation of a gel-like material 
[50]. When the proportion of the rubber increases, the scarifying effect of the rubber to repel the 
UV rays is offset by the adsorption of the aromatic part, eventually resulting in a negative effect 
of the rubber modified binder to UV aging. Therefore, it is important to keep the rubber content in 






 This chapter aimed to investigate the effect of simulated ultraviolet (UV) radiation from 
the sun on the asphalt binder containing recycled crumb rubber. To do so, three samples with 0, 
16.6, and 20 wt. % of crumb rubber were prepared, and their chemical, thermal, rheological, and 
microscopic morphological properties before and after the UV exposure were characterized and 
compared [81]. The followings are some of the highlighted findings that were achieved: 
• The addition of rubber did not cause any obvious change in FTIR spectra from both 
qualitative comparison and the numerical aliphatic index and sulfoxide index. UV aging 
caused oxidation for all three samples, as evidenced by the reduced aliphatic index and 
increased sulfoxide index. 
• The unaged rubber-modified binders had a lower specific heat due to the small specific 
heat of the CR particles that replaced the corresponding proportion of neat binder. UV 
aging resulted in higher specific heat values for all three samples, with the 16.6%-aged 
having the highest specific heat. The addition of rubber made the glass transition shift to 
a slightly higher temperature, which is attributed to the stiffening effect of the rubber 
particles to the asphalt binder. Yet, no chemical incompatibility was observed when 
adding the CR particles to this specific type of neat binder, which agrees with the FTIR 
results. All three UV aged samples showed possible secondary glass transitions, 
indicating that chemical incompatibility or phase separation might have occurred when 
subjected to UV aging. 
• Among the three UV aged samples, the UV aged 16.6% CR-modified binder had the 
smallest sulfoxide index and the highest specific heat.  
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• Thermal conductivity might be the dominant factor to evaluate the effect of UV aging on 
the thermal properties of samples, whereas specific heat is the secondary factor. Thus, 
16.6% rubber binder had a better thermal performance before UV aging whereas 20.0% 
rubber binder had a slightly better thermal performance when subjected to UV aging.  
• Complex moduli of the samples increased after UV aging and this increase was the most 
for the neat binder and the least for 16.6% CR-modified binder. 
• Rutting parameter increased with UV aging in both the neat and the 16.6% rubber 
samples; however, it decreased by 5.3% after UV aging for 20% rubber-modified sample. 
• Fatigue factor increased by the addition of rubber particles and also after UV aging for all 
the specimens. For 16.6% rubber binder, this increase was less which is more favorable. 
• A semi-solid behavior is observed when the CR particles are added to the asphalt binder. 
This observation is believed to be related to the swelling and formation of a micro-
network among the rubber particles. 
• Morphological analysis showed that when crumb rubber modified asphalt is exposed to 
UV aging, cracks are formed in microscale, and the size of the cracks are smaller with a 
higher percentage of rubber, and the presence of rubber seemed to hold the cracked 
asphalt together, whereas in the neat asphalt after UV aging, the cracked asphalt pieces 








Chapter 3: Modification of Asphalt Binder with Carbon Nanotubes 
Using Foaming Technology 
3  
 Overview 
 The advent of various composite materials and the launch of the material genome initiative 
has been the onset of a new era for many innovations in infrastructure materials as well as their 
applications. Asphalt as a widely used composite material on roads, runways, driveways, and 
roofing throughout the country is no exception to these changes. In addition, due to a dramatic 
increase in traffic loads, the pavement agencies and industries are facing the need to exchange the 
traditional pavement materials with new ones that have higher quality, meet current safety 
standards, and are more reliable as well as environment friendly. As a result, the asphalt has been 
modified by utilizing different kinds of additives, such as crumb rubber, fibers, and bio-
rejuvenators to improve the performance of the material [40, 82, 83]. In recent years, many 
researchers have tried the use of organic and inorganic materials to improve different properties of 
asphalt binder as well as asphalt mixture. Nanoparticles, on the other hand, owing to their small 
size and large surface area, exhibit some unique features and properties that make them a suitable 
candidate to be used as additives in the field of asphalt pavement. 
 In one study, the rheological and physical characteristics of nanoclay in both asphalt binder 
and mixture were examined and it was found that the addition of 1 to 4 % of nanoclay can reduce 
the penetration and softening point of the mixture while increasing the rutting and fatigue 
resistance [84]. Other researchers have used different nanoparticles such as nano-carbon, carbon 
nano-fiber, nano-ZnO, nano-SiO2, and nano-TiO2 to improve mechanical, rheological, anti-aging, 
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thermal, and electrical conductivity, as well as the chemical bonding between the aggregates and 
binder [85]. 
Carbon-based nanoparticles and platelets have also received great attention in recent years due to 
their exceptional properties. For example, the Young’s modulus of carbon nanotubes (CNTs) can 
be as high as 1000 GPa [86] and the tensile strength can reach 150 GPa [87], in addition to high 
thermal conductivity, theoretically almost 6 times of the copper, and low electrical resistivity 
compared with commonly used materials [88]. However, one challenge is that no pure material 
can be made from CNTs that present these values. Thus, CNTs and carbon nanoparticles have been 
mostly mixed with polymers such as asphalt binder and elastomer matrices in the composite form. 
 The use of 10 to 40% graphite in asphalt binder has shown an increase of up to two folds 
and a half in the thermal conductivity values of asphalt binder [89]. This is of particular interest in 
systems such as hydronic asphalt pavement (HAP) where a series of serpentine or parallel pipes 
are embedded beneath the pavement’s surface or in the base layer and a mixture of water plus an 
anti-freeze is circulated in them to deice the snow and ice in the winter and collect energy or cool 
the overlay in the summer [36]. 
 The inclusion of nanotubes in asphalt binder also affects the physical and chemical 
properties of it. The relation between the modification of binder with carbon nanotube (CNT) and 
improvement in the rutting factor, fatigue life, and fracture resistance has been documented [90, 
91]. However, it has been shown that a low percentage of nanoparticles (less than 0.2 wt. %) did 
not have significant effects, while with 1%, there is an increase of one level of PG grade (6°C). 
Thus, at least 1% carbon nanoparticles by weight of the binder are needed to increase the complex 
modulus, elastic modulus, and viscous modulus values of the binder as well as the rutting factor 
[92]. The anti-aging potential of using CNT in asphalt has shown that the addition of the nanotubes 
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can decrease the oxidative aging of the neat binder [93] and Styrene-Butadiene-Styrene (SBS) 
polymer-modified asphalt by working as a barrier that prevents the diffusion of oxygen in the 
asphalt system [94, 95]. 
 Khattak et al. studied the effect of carbon nanofiber in asphalt binder using both wet and 
dry methods [96]. In the wet method, the nanomaterial is first dispersed in a solution and then 
added to the asphalt binder, whereas in the dry method (also known as the simple method), the 
nanoparticles are directly added to the binder via mechanical shear mixing. The results showed 
that the modified asphalt binder with nanofibers through the wet process had a slightly lower 
rutting resistance (G*/sinδ) compared with the neat binder, whereas the dry mixing process 
increased the rutting resistance factor by up to 47% [96]. Another research on the comparison of 
the two methods showed that while the dry process of mixing multi-walled carbon nanotubes 
(MWCNTs) with asphalt resulted in higher softening point and viscosity, it caused some large 
accumulated particles as evaluated by the use of scanning electron microscopy (SEM), whereas by 
using the wet process, CNTs distributed more uniformly in the matrix and less agglomeration of 
particles was observed [97]. It has also been documented that the wet-mix process, even if it is 
more complicated and expensive, works better than the simple mix process such that 1% of CNT 
addition can increase the asphalt binder’s viscosity 1.5 times, thus increasing the rutting resistance 
and the tensile strength to reduce the thermal cracking [98]. 
 Foamed asphalt since its introduction in 1956, which was originally investigated as a binder 
for soil stabilization [99], has been an established technology and is gaining more attention 
worldwide from road authorities and construction companies. In this method, a small amount of 
water (between 3 to 6 wt. % of the binder) and the air is injected into hot bitumen at high pressure 
that results in the formation of water bubbles inside the asphalt binder and expansion of up to 20 
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times its original volume. Thus, the final product is a binder with a lower viscosity which makes 
it easier to pump, in addition to the fact that the higher volume of the binder allows it to cover a 
greater surface area, providing a better coating of the aggregates which prevents stripping of the 
road in the future. Some other advantages of foamed asphalt binder include energy-saving between 
7 to 10 % and the consequent reduction in carbon emission due to the lower mix temperature, 
important reduction or elimination of fumes and blue smokes, and less oxidation [100].  
 Previous research has shown that the addition of CNT up to 0.1 wt. % of the binder is 
possible through the foaming process. It was found that when 0.1 wt. % of multi-wall carbon 
nanotubes (MWCNTs) is used to foam the asphalt, the half-life (HL) and the foaming index (FI) 
of the foamed asphalt increased 45% and 28% respectively, whereas the expansion ratio (ER) 
increased by 13 and a half folds [101]. HL is defined as the time required for the foamed asphalt 
to collapse to half of its maximum value. The FI is the area under the expansion ratio plot, and the 
ER is defined as the volume increase of foamed asphalt compared with the stable volume after the 
collapse of the foam [102]. Findings of numerical simulations from the same group using the 
smooth particle hydrodynamics confirmed the outcomes of the experiments [38]. However, due to 
the dispersion limitation in this study, 0.1% was the maximum content of MWCNTs admitted by 
the foamed process that could be achieved. 
 In this chapter, the possibility of adding higher dosages of CNTs to the asphalt binder is 
investigated using the foaming technique. Solutions of MWCNTs with 3 and 6 wt. % of the binder 
are prepared and used as the foaming agent to foam the asphalt binder. Then, different tests are 
performed to look at the morphology of the disseminated carbon nanotubes and measuring the 
rheological and thermal parameters of the samples of foamed asphalt binder that are CNT 
modified. The terms CNTs and MWCNTs may be used interchangeably in this chapter.  
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 Materials and Methods 
3.2.1 Asphalt Binder and Carbon Nanotubes 
 The asphalt binder used in this study was provided by Peckam Industries Inc. (the Bronx, 
10466 NY). The neat bitumen shows a Performance Grade (PG) of 64S-22. The material has been 
tested and certified to be in conformance with AASHTO requirements and applicable to NY, NJ, 
PA or New England states DOT specifications. The binder which is polymer modified meets the 
elastomeric properties required by AASTHO MP19 & TP70. It is also certified that the product 
has no motor oil constituents. The material properties of the neat asphalt binder are as shown in 
the below table (Table 2). Multi-walled carbon nanotube (MWCNT) was purchased from the 
Nanostructured & Amorphous Materials (Houston, Texas 77084, US) and the properties are shown 
in the table (Table 3). 
Table 2: Specifications of the Neat Binder Used in This Study. 
Property  Value 
PG classification  PG64S-22 
Penetration  65 
Elastic Recovery  0.00 
Mix Temp Max/Min °C  164/157 
Compaction Temp Max/Min °C  151/146 
Viscosity @135°C  493 Pa.s 
Viscosity @165°C  135 Pa.s 
Gravity @60°F  1.043 
Gravity @25°C  1.037 
Modifiers  None 


















3.2.2 Preparation of MWCNT Solution 
 The CNTs being at the nanoscale, are characterized by a large surface area. Therefore, 
because of their extremely high aspect ratio, the strong Van der Waals attraction forces between 
the nanotubes often result in the formation of bundles, ropes, and agglomerates, which makes it 
very challenging to uniformly disperse them in the polymer matrix [103]. As mentioned before, 
studies have shown that the wet mixing process results in a more uniform dispersion of the 
nanoparticles. Thus, preparation of the solutions has been made by following the wet process, 
which uses a solvent to well disperse the CNTs initially in a solution, and then in the asphalt binder. 
Researchers have tried different solvents such as kerosene [96, 97], acetone [104], varsol, 
turpentine [85] to implement the dissolution of the CNTs and mixing them with asphalt. 
Properties Value 
Type MWCNTs 
Purity >95% purity 
Outside diameter 30-50 nm 
Inside diameter 5-15 nm 
Length 10-20 um 
Color Black 







Aspect Ratio (diameter/length) 2.67E-03 
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 In this chapter, for the experimentation, two solutions are prepared using ethanol, and a 
commercial dispersant. For the first solution, ethanol was used as the diluent and the dispersant 
for the carbon nanotubes, and solutions with 3% and 6% MWCNT by weight of the ethanol with 
the same volume were made. To prepare the solutions, after adding 60 ml of ethanol to a glass 
beaker, the weighted MWCNTs were added to the beaker and were hand mixed with a stirrer. To 
complete the mixing process, a Sonic Dismembrator (also called Ultrasonic Processor) No. FB-
505 model was utilized to mix the components with an amplitude of 90%, 1s pulse on and 1s pulse 
off at 500W for 30 minutes. During the ultrasonic processing, the beaker was placed in an ice bath 
and the temperature of the CNT-ethanol solution was constantly monitored to avoid overheating 
and prevent the ethanol from evaporation (the boiling temperature of ethanol is about 78°C) 
(Figure 19). 
 
Figure 19: Dispersion procedure to prepare the MWCNT solution: a) Initial solution; 
b) CNT powder added to the solution; c) Sonication with ice bath; d) final CNT solution. 
 For the second solution, a surface-active agent (surfactant) of US4498 CNTs water 
dispersant was used that was purchased from the US Research Nanomaterials (Huston, Texas 
77084, USA). This surfactant based on the vendor’s website is a dispersing agent used to improve 
the separation of particles in aqueous solution and facilitate the dispersion of MWCNTs in 
deionized (DI) water. Following the wet method, first, the water dispersant was mixed in DI water. 
 
          a) 
b) c) d) 
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To better dissolve the dispersant which has a jelly texture, a magnetic stirrer was used for mixing 
for 10 minutes. Once the dispersant was completely dissolved in the DI-water, the already 
weighted MWCNTs were added to the solvent. Then, the sonication process was performed 
similarly as explained above. Two different solutions with different percentages of MWCNT (3% 
and 6% by weight of surfactant-DI-water) were prepared using this method.  
 At the end of the mixing process, for a more in-depth and methodological evaluation of the 
homogeneity of the solutions, some preliminary study on the morphology of the samples was done 
using a scanning electron microscope to determine which solvent resulted in less agglomeration 
of the CNTs and a more uniform solution. 
3.2.3 Foaming Process 
 The foaming method is accomplished by spraying a small amount of liquid foaming agent 
into the binder via a nozzle embedded in the wall of the functioning chamber. When the hot binder 
comes into contact with a liquid droplet at the ambient temperature, it exchanges energy with the 
surface of the liquid droplet by heating it to a vapor state. This process results in explosive 
expansion of the droplets and generating a large amount of steam bubbles. The steam bubbles are 
forced into the continuous phase of the binder under air pressure in the expansion chamber. With 
emission from the spray nozzle, the encapsulated steam expands until a thin film of a slightly 
cooler binder holds the bubble intact through its surface tension. This process occurs for a 
multitude of asphalt bubbles and thus, produces a foamed asphalt binder. Since the MWCNT is 
assumed to be well dispersed in the solution, it is highly likely that the carbon nanotubes will be 
uniformly distributed in the foamed asphalt binder generated via the foaming method. 
 To foam the asphalt binder, an in-house foaming machine was used. The foaming machine 
is connected to an air injector that can run with a pressure up to 80 psi (0.55 MPa) using a regulator. 
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To control the flowing rate of the foaming agent, both the flowmeter and the foaming barometer 
can be used. Under a constant air pressure of 80 psi of the foaming agent, the foaming agent flow 
capacity reaches 45 ml/min, which can be further adjusted by the flow switch. 
 The functioning chamber (also known as the expansion chamber) is where the foaming 
happens. In order to foam the asphalt, both air and a foaming agent are required, where the foaming 
agent could be water, ethanol, or as in this study, a CNT solution. Under constant air pressure, the 
temperature in the functioning chamber depends on the flowing rate of the foaming agent spray. It 
was found that under a constant air pressure of 50 psi (0.34 Mpa) and a constant water spray 
flowing rate of 20 ml/min, the maximum temperature in the chamber can be maintained at ~250°C. 
 The foaming nozzle is calibrated before running the foaming machine by employing the 
volume and the time duration of the test to measure the flow rate per pressure of the nozzle. The 
flow rate of the nozzle is about 63 ml/min at a pressure of 40 psi. In order to perform the foaming, 
the temperature of both chambers has to be set close to 150±5°C and remain stable for at least 10 
minutes, and the pressure is set to be 25 psi for both chambers. By doing the calibration, it is 
possible to correlate the pressure with the representing flow rate, and this is necessary to estimate 
the exact ratio between the asphalt binder and the foaming solution. In the end, the ratio of CNT 
to asphalt can be utilized to calculate the percentage of CNT in the asphalt binder, which can be 
easily calculated by using Eq. (5): 
 
 As explained above, the mixing process of the binder and the foaming solution happens in 
the bottom chamber of the foaming machine. As a result of the calibration, a foaming agent to 
asphalt ratio of 4:100 has been chosen for the experiments. This means that at the temperature of 






150°C with a pressure of 25 psi, as the percentage of binder flow is determined by the switch 
between the two chambers, the flow rate of the asphalt is about 1016 ml/min. Thus, to gain a 0.04 
ratio, the flow rate of the foaming agent must be 40.659 ml/min, which is achievable by setting the 
pressure to 45 psi for the foaming agent barometer. 
 In the end, three types of foamed asphalt samples are prepared: the 3% MWCNTs modified 
foamed asphalt binder (3% MWCNTs FA), the 6% MWCNTs modified foamed asphalt binder 
(6% MWCNTs FA), and the foamed asphalt binder using DI water only (FA). The foamed asphalt 
binder (FA) and the neat asphalt binder (NA) will be used in the experimental tests as a control 
and reference sample for comparison. 
 Because of the low weight percent of MWCNTs used in the CNTs solution, we assume 
that the density of the 3% and 6% MWCNTs solutions is close to the density of water. Thus, we 
use the same barometer settings during asphalt foaming using the CNTs solutions. A foaming 
agent to binder ratio of 4% results in the 0.24% by weight (i.e., 6%*4%=0.24% according to Eq. 
(5)) of MWCNTs in the asphalt binder foamed by using the 6% MWCNTs solution as a foaming 
agent, while using the 3%MWCNTs solution results in 0.12% by weight of MWCNTs in the 
foamed asphalt binder. The NA and FA samples have 0 wt. % of CNTs. The nomenclature for the 
four samples in this study is the following: NA (neat asphalt binder), FA (foamed asphalt binder), 
0.12% CNTs FA (the foamed binder with 3% CNT solution), and 0.24% CNT FA (the foamed 




Figure 20: Components of the in-house foaming machine: a) front view; b) Back view 
with the functioning chamber (top) and the expansion chamber (bottom) highlighted. 
3.2.4 Scanning Electron Microscope (SEM) 
 To better evaluate the dispersion of CNTs in each solution, a Zeiss SEM was used. A 
technique of dipping a toothpick into the solution and drawing lines on an aluminum plate was 
used to prepare the samples. Image formation in an electron microscope requires a high vacuum 
environment. Thus, drying of the samples was a prerequisite for viewing and obtaining good 
images in a normal high vacuum SEM system. Creating a conductive layer of metal on the sample 
inhibits charging, reduces thermal damage, and improves the secondary electron signal required 
for topographic examination in the SEM. Therefore, the carbon coating was applied when 
necessary. 




3.2.5 Dynamic Shear Rheometer (DSR) 
 For the rheological properties, a TA Instrument dynamic shear rheometer (DSR) was used 
and the ASTM D7175-08 standard with some modification was applied as a guideline for the 
preparation of the samples. It was not possible to completely follow the instruction in the standard 
due to the nature of the material studied. The presence of bubbles in the foamed samples, as well 
as the presence of carbon nanotubes in the modified foamed samples, could potentially affect the 
sample preparation, trimming, and results of the test. Oscillation amplitude sweep test and 
oscillation frequency sweep test were done using the 25 mm in diameter parallel plates with a 1 
mm gap. The former was used to find the linear viscoelastic region (LVE), and the latter was used 
to obtain the rheological parameters such as G' (elastic or storage modulus), G'' (viscous or loss 
modulus), G* (complex modulus) and the phase angle (δ) of the samples. For the oscillation 
amplitude sweep test, a temperature of 70°C was selected with the amplitude of the strain 
(deformation) ranging from 1 to 100 % of strain while the frequency was kept constant at 10 rad/s. 
Test frequencies chosen for each sample were set in the range of 0.1 to 100 rad/s (0.0159-15.9 Hz) 
and five different temperatures were selected: 52°C, 58°C, 64°C, 70°C, and 76°C. 1 % strain was 
applied based on the outcomes of the linear viscoelastic domain. 
3.2.6 Differential Scanning Calorimetry (DSC) 
 Changes in the thermal properties (e.g., specific heat capacity Cp and glass transition 
temperature Tg) of all binders were evaluated using a TA Instruments Q250 Differential Scanning 
Calorimeter (DSC). For sample preparation, Tzero hermetic pans and hermetic lids were used to 
hold ~10 mg of samples. No further drying process was applied to the samples before sealing the 
pan. The modulated DSC (MDSC) function was employed because it provides greater sensitivity 
than regular DSC, and it allows for differentiating between reversing and non-reversing thermal 
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behaviors in materials [27]. MDSC heating and cooling curves were obtained at different rates 
with a modulation period of 60 seconds and an amplitude of ±0.47°C. A nitrogen cooling system 
was used for cooling and the nitrogen gas was purged at a rate of 50 ml/min. All samples were 
subjected to the following thermal cycles: (i) initial rapid cooling: after being equilibrated at 80°C, 
the samples were cooled to -60°C at a ramp rate of 10°C/min and then held isothermal for 5 mins; 
(ii) first heating: -60°C to 80°C at 4°C/min and then held isothermal for 5 mins; (iii) first cooling: 
100°C to -60°C at 4°C/min and then held isothermal for 5 mins; (iv) second heating: -60°C to 80°C 
at 4°C/min and then held isothermal for 5 mins. Specific heat and glass transition temperature were 
determined from the second heating (i.e., step iv) as this cycle probably gives a more stable 
measurement of the sample’s thermal property. 
3.2.7 Laser Flash Apparatus (LFA) 
 In this study, the Nanoflash LFA 447 from Netzsch Instruments was used to perform the 
measurements of thermal diffusivity according to the flash method and the ASTM E-1461 
standard. Nanoflash LFA 447 uses a high-performance xenon flash lamp to produce the heat pulse 
on the rear of the sample. An infrared (IR) detector is placed on top of the sample and collects the 
heat that is propagated through the sample. More details about this instrument have been provided 
in Chapter 2. For measurement of thermal diffusivity, around a liquid sample holder with a 12.7 
mm diameter was used. Thermal conductivity measurements were done at 40°C for all the samples. 
Furthermore, before using the Nanoflash, to remove the air bubbles trapped in the samples, FA, 
3% and 6% MWCNTs modified samples were put in a vacuum oven for about 2.5 hours at 135°C 
(i.e., the degassing process). Three shots were applied to each sample at a suggested gain of 5012 
at medium pulse width with a 20-second delay. All analyses were done using the 3-layer heat loss 
with plus correction embedded in the Nanoflash analysis software. The instrument was first 
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calibrated by measuring the thermal conductivity of deionized water at 25°C and the results were 
within 1% deviance from the literature. By using the output values from thermal diffusivity and 
having the specific heat (measured from DSC) and the density of the samples, the thermal 
conductivity of the specimens is determined. 
 Results and Discussion 
3.3.1 Morphological Imaging by SEM 
 To compare the dispersion pattern of the carbon nanotube in each solvent, samples of 3% 
MWCNTs in both ethanol and DI water-surfactant solutions were prepared. The results of the 
imaging of the samples under SEM (Figure 21) show that a majority of the CNTs in 3% MWCNT-
ethanol solution appear to agglomerate forming a large cluster ranging between 0.5 to 6 µm, and 
the rest of the nanotubes are poorly dispersed. This is mainly due to the high surface area and the 
strong Van der Waals force between the CNTs. The uniformity of the CNT dispersion in ethanol 
is not acceptable according to these SEM images. On the other hand, it can be seen that in the 3% 
MWCNTs-DI water solution, most carbon nanotubes are properly dispersed with entangling to 
each other. Since a uniform and homogenous dispersion of the nanotubes is a necessity to form a 
network for enhancement of asphalt binder’s thermal, electrical and mechanical properties, only 
the solutions of CNT in DI water-surfactant were chosen for further experiments. 
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Figure 21: SEM images of MWCNTs in a) ethanol solution causing large 
agglomerates; b) DI water and surfactant solution with well-dispersed CNTs. 
3.3.2 Rheological Properties by DSR 
 Result of the complex moduli of all four samples (NA, FA, 0.12% CNT FA, and 0.24% 
CNT FA) obtained from the frequency sweep tests at different temperatures of 52, 58, 64, 70, and 
76°C and at the frequency of 10 rad/s are shown in Figure 22(a). 
 As can be seen, the samples show a similar trend for the G* values at all the temperatures 
except 52°C, where there is a slight difference between the moduli of the samples. As it is known, 
the introduction of water to the binder decreases its viscosity and thus, the foamed asphalt (FA) 
has the lowest modules of all, meaning that it is less stiff. At 52°C, the 0.12% CNT foamed 
modified binder has a G* that was 5.2% higher compared with FA. However, as the temperature 
increases, the moduli of the samples tend to further overlap. It is hypothesized that the low 
percentage of the carbon nanotube in the asphalt binder did not affect the rheology of the samples 
at intermediate to high temperature that significantly. In addition, the prominent role of the DI 
water-surfactant solvent in efficiently dispersing the CNTs and lack of agglomeration can be 




a)  b) 
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 Frequency sweep was done in the range of temperatures from 52 to 76°C with a 6°C 
interval and for frequencies ranging from 0.1 to 100 rad/s. The master curve of the G' is plotted in 
Figure 22(b) using the time-temperature superposition principle (TTS) to evaluate on a single 
curve the viscoelastic behavior of the material under examination in a decidedly wider range of 
frequencies than the one accessible to the experimental apparatus at a fixed temperature. The 
results show some noise at lower frequencies (higher temperature) which could be due to the 
popping of the bubbles in the foamed samples, as the 0.24% CNT FA sample is much noisier than 
the other samples. The values for storage (elastic) modulus show that the foamed asphalt (FA) has 
a higher modulus compared with the neat binder (NA), meaning that it is more elastic (less 
viscous). This could be expected because of the presence of water in the samples and its effect on 
lowering the viscosity. However, for the modified samples with CNT, the elastic modulus is less 
than the foamed samples, resulting in a relative increase of viscosity as the percentage of CNT 
increases from 0.12% to 0.24%. 
 
Figure 22: a) Complex modulus of all the samples at different temperatures; b) Master 
curves of the storage modulus of the samples at different frequencies. 
 
     
b) 
r  0.12% CNT FA  
£  0.24 CNT FA 
“  FA 
s  NA 
Log ω (rad/s) 
Phase angle, δ (°)  
58 
 
3.3.3 Thermal Analysis by DSC 
 Analysis of the DSC results shows that the degassing process led to a reduction in specific 
heat capacity 𝐶𝐶𝑝𝑝 values for intermediate and high temperatures for the foamed asphalt (FA), 0.12% 
CNT FA, and 0.24% CNT FA. For instance, the degassed foamed binder (FA) had a smaller 𝐶𝐶𝑝𝑝 
than the samples without degassing for temperatures above -15 °C, and increase in 𝐶𝐶𝑝𝑝 for 
temperatures below -15 °C. This might be because the deionized water has a 𝐶𝐶𝑝𝑝 value of ~3.675 
J.g-1. K-1, which is more than twice the 𝐶𝐶𝑝𝑝 of the binder at 25 °C. The foamed samples likely had 
water trapped in the sample and the degassing process removed this water content. Therefore, the 
𝐶𝐶𝑝𝑝 values of the degassed foamed samples are smaller than those of their un-degassed counterparts. 
In addition, the 𝐶𝐶𝑝𝑝 values of all the degassed foamed samples are smaller than that of the neat 
asphalt. Table 4 shows the 𝐶𝐶𝑝𝑝 values of the neat binder and the un-degassed and degassed samples. 
Table 4: The Specific Heat Capacity and Thermal Diffusivity of All Samples. 
  
 𝐶𝐶𝑝𝑝 (J/(g·°C) Diffusivity (mm2/s) 




0.12% CNT FA 1.492 
 
0.24% CNT FA 1.348 
 
Degassed 
FA 1.285 0.173 
0.12% CNT FA 1.371 0.179 
0.24% CNT FA 1.271 0.227 
 
 The glass transition temperature 𝑇𝑇𝑔𝑔 of the samples can be assessed from the temperature 
derivative of the reversing heat capacity curve (i.e., 𝑏𝑏𝐶𝐶𝑝𝑝/𝑏𝑏𝑇𝑇). The neat asphalt binder (NA) 
showed a strong 𝑇𝑇𝑔𝑔 at 16.8°C and two weak 𝑇𝑇𝑔𝑔s at 10.3°C and 47.1°C. In contrast, the FA sample 
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had its main 𝑇𝑇𝑔𝑔 split into two 𝑇𝑇𝑔𝑔 values: one at -24.7°C and the other at -16.0°C, followed by a 
secondary 𝑇𝑇𝑔𝑔 at 8.3°C and other non-obvious glass transitions at a higher temperature. Comparison 
of the glass transition temperatures suggests that 𝑇𝑇𝑔𝑔s of the three foamed samples shifted to lower 
temperatures, which might be because the foaming process softened the binder. In addition, 
samples FA and 0.12% CNT FA had two separated 𝑇𝑇𝑔𝑔s in contrary to the single main 𝑇𝑇𝑔𝑔 in the 
neat binder. 
 
Figure 23: The temperature derivative of the reversing heat capacity (dCp/dT) for 
samples from top to bottom: neat binder, foamed binder (FA), 0.12% CNT FA, and 0.24% 
CNT FA. The trend shows that Tgs of the three foamed samples shifted to lower 
temperatures. 
3.3.4 Thermal Conductivity by LFA 
 Thermal conductivity of the samples was calculated by an indirect method: first, the 
thermal diffusivity was measured using the flash method, and then it was multiplied by the heat 
capacity (measured by DSC) and density values, following the formula in Eq. (6): 
 Neat binder 
FA 
0.12% CNT FA 






where λ is the thermal conductivity, α is the thermal diffusivity, Cp is the specific heat, and ρ is 
the density of the samples. Initial measurements of the thermal diffusivity values of the samples at 
40°C showed that the presence of MWCNTs in the asphalt binder decreased its thermal diffusivity, 
which was against our hypothesis.  The 0.24% percentage of CNT modified foamed asphalt binder 
showed even lower thermal diffusivity (0.028 mm2/s) than the foamed asphalt (FA). Looking at 
the data, it can be seen that the foamed asphalt has also lower diffusivity than the neat asphalt 
(NA). Thus, it is believed that the presence of the water bubbles inside the asphalt caused a thermal 
mismatch in the matrix of the asphalt binder, and accordingly, distorted the phonons’ free path, 
which is mainly responsible for the thermal conduction of heat in polymers. In other words, the 
introduction of an inhomogeneity with lower thermal diffusivity (water bubbles) into the asphalt 
binder negated the effects of CNTs in the asphalt or even caused a reduction of the final diffusivity 
values. 
To test this assumption, the thermal diffusivity of the degassed samples (i.e., in a vacuum oven for 
2.5 hours at 135°C to remove all the air bubbles that were trapped inside the binder) was tested. 
The results of the degassed samples at 40°C are shown in Figure 24. The values of the CNT 
modified samples had an increase after degassing, as the conductivity of 0.24% CNT samples is 
much higher than the foamed (FA) and the neat asphalt (NA). The ratio of the improvement in the 
values of thermal conductivity in the CNT modified samples compared to the foamed asphalt 
sample is shown in Figure 24(b). 
 
 λ = α ∙ Cp ∙ ρ (6) 
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Figure 24: a) Thermal conductivity measurements of the samples; b) The relative 
percentage of enhancement in thermal conductivity. 
 Conclusions and Future Work 
In this chapter, in order to improve the thermal conductivity of the asphalt binder, carbon nanotube 
was added to the asphalt binder by first preparing solutions of 3% and 6% wt. and then using a 
foaming technology to disperse them into the asphalt binder [105]. The morphology, rheology, 
and thermal parameters of the samples were studied, and the following conclusions can be 
achieved: 
• Comparing two solutions of ethanol and DI-water surfactant, a higher agglomeration of 
CNTs was observed in the ethanol. 
• The complex modulus of the CNT modified sample was slightly higher at 52°C, 
however, overall, it seemed that the foaming and the modification with CNT had no 
negative effect on increasing the stiffness of the neat binder. 
• At 40 °C, the specific heat capacity values of the degassed foamed samples are smaller 
than those of their un-degassed counterparts because of the removal of the water residual. 
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asphalt binder, which might indicate that the foamed samples could be different from that 
of the neat binder. 
• The glass transition temperature of the three foamed samples shifted to lower 
temperatures, which might be because the foaming process softened the binder. 
• The inclusion of bubbles inside the asphalt seemed to affect the matrix of the binder and 
prevent the CNTs from effectively form a network. However, after degassing, the effect 
was eliminated. 
• The thermal conductivity of the 0.24% CNT FA sample (6% MWCNT in solution) 
resulted in a two-fold increase of the thermal conductivity compared to that of the foamed 
binder. 
 In the previous chapter, the UV aging of the modified binder with rubber was investigated. 
In the current chapter, the effectiveness of carbon nanotubes in enhancing the thermal conductivity 
of the binder was explored. However, an addition could be studying the effect of CNT modified 
binder when it is exposed to ultraviolet (UV) rays. In a work by Rajib and Fini [106], the merits 
of using functionalized carbon (biochar) from algae and swine manure as a free radical scavenger 
in blocking the UV aging of the sun in bituminous materials were studied. The results showed that 
the addition of biochar to the asphalt binder reduced the UV aging of the binder significantly, 
delaying the aging up to 36%, as shown by the rheological and chemical indices. Overall, the algae 
biochar showed higher effectiveness in UV aging prevention and this was found to be attributed 
to the high surface area and the copious presence of phenol functional groups, which acted as free-
radical scavengers [106]. Therefore, it is worth studying the MWCNTs with COOH functional 
groups, which would show similar behavior when they are used as a modifier in the binder and 
exposed to UV rays for an extended time. 
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 In this regard, another aspect that can be considered in future studies is whether with aging, 
the thermal conductivity of the CNT modified binder would change. In a study by Oldham et al., 
the critical aging point (CAP) of asphalt binder, beyond which the rejuvenation of aged asphalt 
would be effective anymore, was studied using laboratory experiments and computational 
modeling [107]. The authors used a PG 64-16 asphalt binder and aged it using a rolling thin-film 
oven (RTFO) followed by a pressure aging vessel (PAV) with different durations of 20, 40, 60, 
80, and 100 hours. The thermal conductivity results showed that with aging, the thermal 
conductivity decreases, meaning that aged binders have a lower thermal conductivity. For the 
unmodified binder, the thermal conductivity value reached a plateau after 60 hours of PAV aging 
and after 100 hours of PAV aging, the sample showed a 41% decrease. This is in line with the 
findings of Chapter 2, where the thermal conductivity of the neat aged binder was decreased almost 
49% after 100 h of UV aging (Figure 12). However, the type of aging studied in Chapter 2 was 
ultraviolet radiation, whereas, in the Oldham et al. paper, thermal oxidation aging has been 
discussed. Therefore, it would be beneficial if the change in thermal conductivity of binder and 








Chapter 4: Fundamental Study and Performance Testing of a Novel 
Roof-top Integrated Photovoltaic Thermal Panel 
4  
 Overview 
 The increasing energy demand and the depleting fossil fuel reserves have urged the 
governments to look for more renewable and eco-friendly energy resource alternatives. Solar 
energy is an abundant source of energy, and with newer technologies in the semiconductor 
industry, applications of silicon solar cells have grown substantially since their invention in 1954 
at the Bell Labs [108, 109]. Among different solar cell technologies, polycrystalline silicon 
accounts for more than 91% of the market share [110]. In silicon solar cells, when an incident light 
hits the surface of the semiconductor, the photons that have high energy equal to or more than that 
of the energy difference between the valence and the conductance band, excite the electrons and 
form a current inside the cell [111, 112]. However, the weak photons and also the excessive energy 
of the strong photons turn into heat and increase the surface temperature of the solar panel up to 
80°C [111]. Increased temperature has an adverse effect on the efficiency of the solar panel. 
Mainly, the open-circuit voltage of the cell decreases with the temperature increase (Figure 25) 
[113]. This results in less output power and thus, decreased efficiency of the panel. Under Standard 
Testing Conditions (STC), for every degree rise in temperature, the efficiency decreases by about 
0.40 – 0.50 % [114]. In addition, the absorbed heat accelerates the aging of the cells and shortens 
their lifespan. Therefore, efforts to address this issue and lower the surface temperature of the 




Figure 25: Effect of temperature on the I-V Curve [113]. 
 Based on a research work from Chen & Yin [115], it is possible to reduce the surface 
temperature of a solar panel and thus, maintain its efficiency at the optimal level. Herein, a new 
design is presented for the solar panels using a hydronic loop system on the backside of the panel. 
Using this integrated design, the temperature of the panel can be regulated during usage and the 
harvested heat could be used for partially heated water for domestic use inside the building. 
4.1.1 Literature Review 
 Humankind has harnessed the power of the sun’s strong beam since the 7th century B.C. 
[116] to today. Some more modern applications of solar energy have been solar thermal, which 
attributes to the use of the sun’s infrared spectrum to collect heat, and photovoltaics, which is the 
generation of electricity using the sun’s visible spectrum. The idea of combining these two has 
been a motivation for many researchers. Yet, the limiting factor is to find a method or material to 
benefit from the wide range of the solar spectrum. However, considering the fact that silicon 
photovoltaic solar cells, which are more common and available in the market, absorb the infrared 
wavelength of the sunshine, a less complex way to combine both solar PV and thermal to indirectly 
harness the heat that is generated in the modules.  
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 Yang and Yin introduced a novel idea by using a thermoelectric (TE) module for thermal 
energy harvesting [26]. In this multilayer design, a semi-conductor material, being bismuth 
telluride (Bi2TE3) is used as a TE generator layer underneath the PV cells, and then a back layer 
of functionally graded material (FGM) with cast water tubes made of copper is implemented. The 
novelty of the design was the application of the FGM layer, in which the thermal resistance 
gradually changes with depth [117]. The heat from the solar panels first transfers to the 
thermoelectric layer to generate electricity and then is dissipated to the water through the FGM 
material.  
 In a similar work from the same group, experiments on the hybrid solar panel with PV cells 
and FGM layer with water tubes showed that the system can lower the temperature of the panel 
from 55°C to 32°C at 1100 W/m2 irradiation [28]. The authors used a finite element model (FEM) 
simulation for the thermal performance of their panel. However, the temperature distribution of 
the working fluid was simplified as a linear function of the path and the forced convection as a 
Nusselt number related quantity obtained by Bejan [118]. The improved version of the panel 
included the highly thermal conductive aluminum layer on the top with the thermally insulated 
high-density polyethylene (HDPE) at the bottom of the FGM [20]. The designed panel can be used 
as an integrated part of the roof in the building envelope and thus, bear structural load due to its 
rigidity and strength. 
 One factor to consider in such composite materials is the thermal stress and deformation of 
each layer due to the thermal mismatch of the layers under environmental conditions, which could 
affect the physical integrity and therefore, the longevity of the material [119]. Examples could be 
laminated photovoltaic silicon solar panels and novel sun-powered solar blinds [27, 120]. 
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 Finally, Chen et al. [121] further matured this building integrated photovoltaics and thermal 
(BIPVT) design by performing more tests and showing that at a water flow rate of 150 ml/min and 
under 1000 W/m2 solar irradiation, the efficiency is enhanced by 24% compared with the panel 
with no cooling system. In this chapter, the feasibility of a new design is discussed. By doing both 
simulations and experiments, the hypothesis of a temperature regulation system that can effectively 
improve the efficiency of the solar panel while also generating hot water output is examined. 
4.1.2 Objective 
 To lower the temperature and improve the efficiency of energy harvesting in a silicon solar 
module, a novel design of a foamed aluminum layer with rearranged tubing system is presented, 
and the thermal performance of building integrated photovoltaics (BIPVT) is investigated in forms 
of simulation and experiment. 
4.1.3 Concept and Design Outline 
 This project is an improvement of the design concept and method of a work published by 
Chen et al. [121]. The components of this design are shown in Figure 26. A protective layer, which 
is glass, is placed on top, and an EVA (ethylene vinyl acetate) film is used to sandwich the 
photovoltaic layer. A foamed aluminum layer with tubes cast inside the layer is integrated on the 




Figure 26: Schematic Illustration of the Hydronic System. 
 An absorbing fluid with high heat capacity which could a mixture of water and glycol is 
circulated inside the tubes in a closed loop. When water is exposed to heat, it expands, and its 
temperature increases, thus, reducing the surface temperature of the cells and making them cooler. 
The heated fluid could then be transferred to the facility room of the building via a pump to 
indirectly heat a water tank, which could be used for indoor heated water usage. Therefore, the 
water is acted as both a heat sink and a heat collector. Providing a large surface area for heat 
exchange while being lightweight, having a relatively high thermal conductivity, resistance to 
thermal shocks, high pressures and high temperatures resistance, and the recyclability of the 
aluminum make it the right choice as the back support to embed this system. The lightweight 
concrete layer or an alternative foamed aluminum layer [122], which encloses the tubes has open 
pores that can be filled with phase change materials to absorb and release heat with a time latency. 
Therefore, the daily temperature fluctuation of the building façade will significantly be lowered, 
which per se has a role in the total energy consumption of the building. The foamed aluminum 
layer is assumed to be homogenous, with a consistent thermal conductivity. The applications of 
the foamed layer could be the implementation of phase changing material (PCM) in the pores to 
Lightweight concrete or foamed 
aluminum embedded with PCM 
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control the temperature shifts due to the disputed heat. A finished prototype of this BIPVT panel 






Figure 27: Assembled BIPVT panel in the lab for testing. 
 Performance Testing 
 As mentioned before, there is a reverse correlation between the surface temperature of the 
panel and its output power (efficiency). Therefore, any test that is done on the improvement of the 
efficiency of the solar panel has to include both the temperature change in the course of time and 
the corresponding effect on the output power of the panel. In order to simulate the sunlight on the 
panel, a solar lamp tester was used, in which the irradiation of the light can be adjusted to mimic 
the sunlight intensity at different weather conditions and locations.  
In general, there are two testing conditions in the solar industry: 
1. Standard Test Conditions (STC): light intensity with an irradiance of 1000 W/m2, panel 
temperature at 25°C, and air mass of 1.5 (AM 1.5). Air mass is a ratio to determine the 
path length that the sun’s beam takes to go through the atmosphere, normalized to the 
shortest possible path length. 
Silicon solar module Foamed aluminum 






2. PVUSA Test Conditions (PTC): This stands for “Photovoltaics for Utility Scale 
Applications Test Conditions” or more commonly known as PTC, which provide more 
details on the test conditions to resemble the real world. 
A comparison of the two standards is shown in Table 5. 
Table 5: STC vs. PTC solar testing conditions: 
Condition STC *PTC 
Irradiance 1000 W/m2 1000 W/m2 
Solar Cell Temperature 25°C 45°C 
Ambient Temperature 25°C 20°C 
Air Mass 1.5 AM 1.5 AM 
Wind Speed ̶ 1 m/s 
 
*Under PTC, the test must be done at 10 meters above the ground level. 
 It should be noted that neither STC nor PTC conditions account for real world losses. In 
reality, as the temperature of the panel increases due to exposure to sunlight, the efficiency 
decreases. Also, other elements such as shading, tilt angle, module mismatch, wire losses, 
inverter and transformer losses, degradation over time, etc. can affect the output power of a solar 
panel. These losses could also vary by geographic location, season, mounting technique, and the 
quality of the manufactured materials. 
 The procedure for the experiments is shown in Figure 28. First, the DAQ is started to 
make sure the data will be collected before the solar lamp is turned on. The solar lamp simulates 
the sunlight’s beam in the laboratory’s environment. After 5 minutes of collecting data when the 
panel is at room temperature and only exposed to the ambient conditions, we turn on the solar 
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lamp. For all the tests, an intensity of 1000 W/m2 is selected. This value is in line with the 
standard test condition irradiance.  
 
Figure 28: Flowchart of the procedure for performance testing of the BIPVT panel. 
 When the solar panel is manufactured in the factory, each panel has to be tested on a flash 
table (Figure 29), which tests the panel’s voltage (volt), current (amps), and power (watt). From 
there, the computer draws the current versus voltage (I-V) curve of the panel and compares it to 
the output of the reference panel. 
 




 Under the standard test conditions (STC) with cell temperature of 25°C, an irradiance of 
1000 W/m2 with an air mass of 1.5 (AM 1.5), different water flow rates of 100, 200, 300, 400, 500, 
and 600 ml/min were examined and the changes in the I-V curves of the BIPVT panel are 
measured. Also, the effect of the hydronic system will be compared with a regular panel without 
this cooling technology. Thus, another panel with the same cell specifications and geometry of 40 
cm (15.7″) by 30 cm (11.8″) will be chosen and the short-circuit current, open-circuit voltage, and 
the power at different temperatures will be measured. The results will be compared with the results 
of the regular panel (Isc 5.2 A, Voc= 3.7 V and Pmax is 14W) to see how much improvement in 
the power is yielded.  
 In Figure 30(a), the designed solar panel with the temperature regulation system is shown 
(left). Nine thermocouples are used to collect the data during different times with and without the 
introduction of the water. Then, the results are mapped for almost 160 minutes showing how the 
panel’s temperature changes over time before the hydronic system is on and after the cooling 
hydronic system is activated. The position of the thermocouples was chosen in a way to cover the 
whole area of the panel, but also to make sure the distribution of the double serpentine tubes is 
covered. In this way, the temperature profile of the test can show how evenly the temperature is 
distributed after the flow of the water in the tubes begin. This is of significant importance since if 
there is a high-temperature difference between various points in the panel, not only the panel will 
not efficiently be cooled uniformly, but also the resulting thermal stress mismatch at different 
points will accumulate and cause microcracks over time. In addition to the nine thermocouples 
(T1-T9) on the BIPVT panel, there are four more to measure various properties. One is right at the 
outlet tube on the table to measure the exiting temperature of the water (T10). Since this 
thermocouple is exposed to the beams of the solar lamp as well and the output data may be affected 
73 
 
by the generated heat due to the lamp, another thermocouple is placed on the bottom shelf of the 
table to measure the outlet water temperature (T11). 
             
Figure 30: a) The prototype of the BIPVT design; b) A schematic map of the position 
of the thermocouples on the panel with the tubing system. 
 The next thermocouple is exposed to the air and measures the ambient temperature (T12). 
This thermocouple is also placed on the bottom shelf to avoid any temperature biases from the 
light. Finally, the inlet water temperature from the building is measured by a thermocouple (T13) 
that is in the same room located on the bottom shelf before the water enters the particle filter. The 
average tap water temperature in New York City varies based on location and the season. This test 
was performed in the late springtime and the assumption was that the building’s water temperature 
is about 25°C. The test setup is shown in Figure 31. 
 The BIPVT has been fully insulated from the sides and the bottom to avoid any heat loss 
while the system is running with and without the water. This has been achieved by using Styrofoam 
















Figure 31: Testing the solar panel under the simulated light with an intensity of 1000 
W/m2. 
 In order to capture data from the thermocouples, a data acquisition system (DAQ) from 
National Instruments was used (Figure 32). This DAQ has 16 channels which means it can 
simultaneously be connected to 16 different sensors and support the generated data. The DAQ 
measures the output voltage signal and converts it into temperature. Then the software provided 
by the system called LabVIEW transforms the collected data to the .csv format. The data collection 











         
Figure 32: A DAQ system is used to monitor the thermocouples data in real-time. 
 In order to measure the I-V curve, a device with variable resistors is needed to measure the 
output current and voltage of the panel over time. This product is commonly known as an I-V 
curve tracer. However, due to the small size of the solar module that we had, it was not possible 
to use the available Seaward PV 210 solar tracer in the lab (Figure 33). A more accurate version 
of the solar tracer for smaller modules would be called a “cell” solar tracer, but this option was 
also not easily possible to obtain due to the high purchase cost. 
 
Figure 33: A commercial solar PV tester with I-V curve tracing. 
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 Therefore, after doing some research online and comparing the available designs on the 
different websites and literature, we chose the design of IV Swinger 2 which is a do-it-yourself 
(DIY) solar tracer for photovoltaic solar panels (modules). Thanks to the open-source license, all 
the design components, and the software were provided online on the website [123]. The IV 
Swinger 2 hardware consists of the following: 
• Load: 
o Capacitors 
o Bleed resistor 
o Relay 
• Ammeter and voltmeter: 
o Shunt resistor 
o Voltage divider 
o Op amp circuits 
• Arduino UNO 
 The I-V Swinger uses a relay and a capacitor for the load so, between tests, the relay 
discharges the capacitor through a small bleed resistor. The controller and switches the relay to 
connect to the solar panel. Across the capacitor, which charges it. So, the discharged capacitor 
looks like a short circuit (R=0) and a fully charged capacitor looks like an open circuit (R=∞). All 
the points in between when the capacitor is charging look like all the resistances between zero and 
infinity. The time required for a capacitor to fully charge is a fraction of a second, therefore, this 
does not give enough time to switch to a new load and take measurements. That is why a solid-
state relay is used to be able to quickly measure the current and voltage. The Arduino 
microcontroller controls the action of charging and discharging the capacitor in real-time and 
collects the read data via the software that could be installed on the laptop. 
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Figure 34: (a) Printed circuit board (PCB) of IV Swinger 2; (b) Assembled electrical 
components on the circuit board; (c) Arduino UNO R3 microcontroller (d) Finished product 
of the I-V tracer. 
 Just like any electronic instrument, the IV Swinger 2 has its own limitation. The main point 
of the design is the R1 and R2 resistors which limit the range of the measure open-circuit voltage 
(Voc). For our application, we chose R1 as 1 Ω (equivalent to the theoretical value of 0 Ω and for 
R2, the resistance is 10 kΩ. The other limitation of the design is the short circuit current (Isc) that 
it can measure. Due to the internal resistance of the components, under 1 sun irradiation and by 







our application, since with temperature change, mainly the Voc changes over time, The Isc before 
the 0.51V would be extrapolated by the provided software to calculate the output power. 
 The data collection rate for the IV Swinger 2 can be looped so that the software can collect 
data automatically at a certain frequency. Here, the selected frequency rate is 1 Hz to make sure 
the changes in the I-V curve and the subsequent power are recorded accurately.  
Table 6: Spreadsheet of the resistors (R1 & R2) for accommodation with Voc and Isc 




 Results and Discussion 
 The tested results from the thermocouples for the different water flow rates are shown in 
Figure 35(a-f). In the beginning, before starting the solar lamp, the panel is at room temperature. 
Shortly after the lamp starts illuminating, the open-circuit voltage (Voc) reaches 3.60 V and the 
short circuit current (Isc) 6.57 A. At this point, the maximum power point (MPP) is read at 14.89 
W, which is somewhat similar to the original value that the manufacturer provided (14 W), and 
the VMPP = 2.38 V and IMPP = 6.26 A (Figure 36). The MPP is a point on the I-V curve that has the 
highest value of the product of its corresponding voltage and current, at which the maximum power 
output is achieved. The corresponding voltage and current to this point are VMPP and IMPP, 
respectively. 
 As time passes, the surface temperature of the panel increases reaching the highest point 
of almost 88 ºC after 30 minutes. While there is a slight difference between the values read at 
different thermocouples placed on the panel (T1-T9), the peak is almost always recorded by T8 at 
88ºC, which is near the outlet of the pipe. At this point, the MPP voltage value has decreased to 
1.85 V while the MPP current is at 5.79 A. We can see that the MPP power has significantly 
decreased from 14.89 W to 10.69 W due to the temperature increase. This is an almost 28.2% 
decrease in power. 
 When the water is introduced to the system, a sudden decay is observed in the temperature 
of the panel. We can see in Figure 35a that for a water flow of 100 ml/min, after about 30 min of 
water running in the system, the temperature of the panel stabilizes. Here, again T8 has the highest 
value of all the nine thermocouples being at 71ºC, while the other ones vary between 61ºC (T1 and 
T2) and 67ºC (T5). The temperatures stay stable until the solar lamp is turned off at t=95 min, 
where we see a huge jump in the temperatures’ values decreasing until they reach a stable point 
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again at t=135 min. It should be noted that following the defined procedure at the beginning of the 
experiment, at t=125 min, the water inlet has been closed and since the panel’s absorbing heat flux 
and the extracting heat had reached equilibrium at this point, it would be redundant to keep the 
water running any longer. After t=135 min, all the nine thermocouples on the panel reach a steady 
temperature of 27ºC, and after t=170 min, the DAQ system is turned off and the data acquisition 
stops. It should be noted that had we kept collecting the data after t=170 min, we could see the 
temperature of the panel eventually reaching the starting point of 23ºC. However, due to the 
extensive amount of data that is generated by the sensors at a refresh rate of 10 Hz, it was decided 
to end the test after a stable temperature is observed on the panel. 
 As for the power output after the introduction of the water into the system, we can see that 
the power gradually starts to increase, and at the highest point, it reaches about 12.78 W, at which 
the VMPP = 1.96 V and IMPP = 6.52 A. This means that the hydronic system was able to revive the 
power by 19.5% from 10.69 W to 12.78 W. The MPP voltage and current have also accordingly 
improved from 1.85 V to 1.96 V and from 5.79 A to 6.52 A. 
 As for the temperature distribution of the double serpentine hydronic system, it can be seen 
that the readings from the thermocouples are all within an acceptable deviation of 8ºC difference 
after the water is introduced to the system. The values are in accordance with expectation, 
especially for T8 since this is where the heat is carried away to the outlet and the water should be 
at its highest point after circulating and collecting heat from the surface of the panel. It is speculated 
that with a different design, i.e., single serpentine or zig-zag, different values of temperature 
difference will be observed, which requires more design parametric analysis. 
 The other four thermocouples that are not located on the panel measure various properties 
related to this hydronic BIPVT panel. T10 located on the exit tube near the panel (Figure 31) and 
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T11 (outlet water) underneath the table show the temperature of the exiting water from the panel. 
Before the water is circulated inside the tubes, T10 may be just showing the temperature of the 
tube exposed to the light and T11 the ambient temperature. When the water is opened at t=35 min, 
a sharp spike is seen which is because the water starts running in the tubes and absorbing the heat 
to become warm. During the next 1 hour that the water keeps running in tubes, there is a 
temperature difference between the two thermocouples at a flow rate of 100 ml/min, while this is 
not observed at the other five flow rates, which could be because of the slow water flow. 
 For the other five flow rates, we see a similar trend in terms of the hydronic system 
effectively cooling the surface temperature of the BIPVT panel. However, there are differences in 
the intensity of temperature reduction as well as the outlet water temperature. In general, as 
expected, when the water flow is higher, the panel gets cooler and reaches a lower temperature. 
For example, at 100 ml/min, all nine thermocouples on the panel show a temperature above 60ºC, 
whereas when the flow rate is increased to 500 ml/min, the surface temperature of the panel reaches 



























Figure 35: Monitored temperature of the thermocouples at: a) 100, b) 200, c) 300, d) 400, 








Figure 36: Current versus voltage and the output power in the BIPVT at: a) Starting 
point (25°C) without the water system; b) After 30 min (88°C) without the water system; c) 






 As discussed, there is a correlation between the water flow rate and the cooling effect. 
One compromise here would be the outlet water temperature. Since a BIPVT panel can have a 
bifold purpose of cooling the solar panel and providing partially heated water for improving the 
efficiency of the hot water system for domestic building use. Therefore, if the flow rate of the 
inlet water is high, while the surface temperature of the panel gets cool sooner and the efficiency 
of the solar panel increases in addition to providing a larger volume of heated water per minute, 
the outlet water temperature would be lower and thus, resulting in the lower efficiency of the hot 
water system. Thus, in order to achieve the optimal flow rate of the system at which the highest 
power is achieved, and the temperature of the panel is efficiently reduced, several other analyses 
are needed. First, T4 is selected as the representative of the nine thermocouples. T4 data show to 
be somewhere in between the highest and the lowest thresholds of the surface temperatures 
recorded. Also, T4 is not located on a corner of the panel and thus, can be a good selection.  
 We can see in Figure 37 that while at 100 ml/min, the largest difference is observed for 
T4, the data rest of the five flow rates are within a 5ºC difference. At t=65 min, the highest value 
for T4 is read at 65.4ºC for 100 ml/min flow rate. This value is 60.8ºC, 58.7ºC, 60.0ºC, 56.4ºC, 
and 57.6ºC for flow rates of 200, 300, 400, 500, and 600 ml/min, respectively. Despite the 
expectation, the higher flow rate does not necessarily result in a lower temperature. The extent to 
which cooling happens also depends on the time required for the aluminum tubes, water, and 
solar cells to exchange heat with each other and the surrounding environment to reach a steady 
state. Another noticeable observation is the fluctuation of temperature during the 1 h steady-state 
condition that the water is circulating, especially for a flow rate of 600 ml/min. It seems that the 




Figure 37: T4 temperature vs. time for different flow rates. 
 
In order to have a better judgment, the outlet water temperature has also been analyzed and shown 
in Figure 38. Here, the first thing that we notice is the large gap between the outlet water 
temperature at a flow rate of 100 ml/min versus the other five. We see that at t=65 min, the exiting 
water temperature stabilizes at 45.4ºC for the flow rate of 100 ml/min. This value is much lower 
for the other flow rates being 36.3ºC, 34.1ºC, 33.8ºC, 29.9ºC, and 29.1ºC for 200, 300, 400, 500, 




Figure 38: Outlet water temperature (T11) vs. time for different water flow rates. 
 The other notable observation is the temperature fluctuations for flow rates of 300, 400, 
500, 600 ml/min. One speculation could be that at flow rates higher than 200, the flow becomes 
turbulent and thus, causes fluctuations in the output temperature reading. To examine this guess, 
we can calculate the Reynolds number using Eq. (7): 
where 𝑠𝑠 is the flow speed, 𝐿𝐿 is the dimension of the pipe, and 𝜈𝜈 is the kinematic viscosity of the 



























Since we have: 






 , and the kinematic viscosity 
𝜈𝜈 = 1.787 × 10−6 𝑚𝑚
2
𝑠𝑠
. Here, 𝑄𝑄 is the quantum as in the flowmeter. Thus, the Reynolds number is 
obtained as shown in Eq. (9): 
  When the Reynolds number is larger than 2100, it will be considered as a transition 
status from laminar to turbulent flow. Therefore, when the flow quantum 𝑄𝑄 ≤ 565 or to be safe 
𝑄𝑄 ≤ 500, we can still consider it laminar. 
 Having the turbulent hypothesis voided and by looking closer at the inlet water temperature 
at each flow rate, we see a fluctuation in the inlet temperature in Q≥ 300 ml/min. Especially that 
the patterns of hills and valleys of increase and decreases of the inlet and outlet temperature match 
each other while considering the temperature shift due to the BIPVT system. Therefore, the reason 
we see such fluctuations in the outlet water temperature could be the instability of the building’s 
tap water temperature. 
 The other factor determining the optimal flow rate is the harvesting power from the solar 
module and the efficiency of each flow compared with the other ones in reviving the lost power 
due to the heat. The output power versus time is shown in Figure 39. Here, we can clearly see the 
decay in power as the module’s surface temperature increases over time. At t=35 min, the water 
valve is opened and the hydronic system is activated. We can see the increase in the power as the 
water keeps circulating in the tubes until at about t=65 min. When the solar light is turned off at 





2.07233 × 𝑄𝑄 × 10−3 × 3.2 × 10−3
1.787 × 10−6




 By comparing the initial power values with the point at which maximum power loss has 
occurred, we see a reduction of power from about 14.89 W to 10.69 W due to the temperature 
increase. This is an almost 28.2% decrease in power. However, once, the hydronic system reaches 
a stable steady point, we can see that the power is increased to 12.68 W, 13.32 W, 13.05 W, 13.66 
W, 13.54 W, and 13.92 W for flow rates of 100, 200, 300, 400, 500, and 600 ml/min, respectively, 
which means an increase of 18.6%, 24.6%, 22.07%, 27.7%, 21.0% and 30.2% of the power values. 
 
Figure 39: Power vs. time for different water flow rates. 
 By and large, considering the cooling effect of the surface temperature of the solar module, 
the outlet water temperature, and the resulting power output increase due to the hydronic system, 
it seems that choosing the flow rate of 200 ml/min would result in an overall effective BIPVT 
panel with the optimum power and hot water generated. Of course, this value is selected based on 
























 Modeling and Simulation 
4.4.1 Introduction 
 Here, following the designed aluminum foamed layer and aluminum tubing system of the 
BIPVT panel presented in the experimental section, a model is constructed using finite element 
method (FEM) and finite volume method (FVM) techniques. Then the model employed in 
commercial software is used to examine the performance of the BIPVT system and the results are 
compared with the experiments. The results from the model are only applicable to the steady state 
condition that is achieved after t=65 min following the test procedure flowchart (Figure 28). This 
is when the surface temperature of the panel and the outlet water stabilize while the water keeps 
circulating in the tubes. The steady state continues until the solar lamp is turned off (t=95 min). To 
achieve an accurate model for the transient conditions during the operation of the BIPVT, further 
research is needed to be done in the future. 
4.4.2 Literature Review 
 Yang et al. have done a FEM simulation for the thermal performance of the BIPVT [28]. 
The novelty of the design is the application of a functionally graded material (FGM) layer, which 
gradually increases the thermal resistance with depth. However, the authors simplified the 
temperature distribution of the working fluid as a linear function of the path and the forced 
convection as a Nusselt number related quantity obtained by Bejan [118]. Chen et al. measured 
the temperature change as a function of the fluid flow rate [115]. Considering the limitations of 
previous research works, in this study, a larger range of flow rates is discussed. To avoid coarse 
assumptions on the thermal performance of the fluid, Fluent coupled with Mechanical (thermal) 




 The simulation work has been done using FVM and FEM using ANSYS. This approach 
couples the FVM with FEM, which provides the steady-state thermal solution.  As a well-known 
method, FEM will not be introduced in detail. In the following sections, updating algorithms and 
convergence will be discussed briefly. 
4.4.4 Governing Equations 
 For incompressible flow, the basic equations are continuity and momentum conservation 
equations. 
Eq. (10)  is the general form of the mass conservation equation, the source 𝑆𝑆𝑚𝑚 is the mass added 
to the continuous phase from the dispersed second phase (i.e., due to the vaporization of liquid 
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Where 𝑝𝑝 is the static pressure, 𝜏𝜏̅ is the stress tensor, and 𝜌𝜌 ?⃗?𝑓, ?⃗?𝐹 are gravitational body force and 
external body forces respectively.  In the stress equation, 𝜇𝜇 is the molecular viscosity, 𝐼𝐼 is the unit 
tensor, and the second term on the right hand side (RHS) is the effect of the volume dilation. The 
application of the working fluid is to transfer heat from the system; therefore, the energy equation 
is included to measure the thermal quantities and verify the energy balance (conservation). The 
flow of thermal energy from matter occupying one region in space to matter occupying a different 
region is known as heat transfer [124]. Heat transfer could happen in three main ways: (a) 
conduction (b) convection (c) radiation. As for simulation of heat transfer by fluid, the physical 
models usually contain thermal conduction and thermal convection only. The energy equation is 
shown as, 
Where 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 is the effective conductivity, and 𝐽𝐽𝚥𝚥��⃗  is the diffusion flux of species j. The first three 
terms on the RHS represent energy transfer due to the conduction, species diffusion, and viscous 
dissipation respectively. 𝑆𝑆ℎ includes the volumetric heat sources in the system, internal energy 





, and ℎ is the sensible enthalpy.  
4.4.5 Finite Volume Method (FVM) 
 The finite volume methods (FVMs) are closely related to the finite difference method 
(FDM), and FVM could often be interpreted directly as an FDM approximation to the differential 
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4.4.5.1 Introduction to Finite Volume Method 
Denote the 𝑠𝑠𝑡𝑡ℎ grid cell by 𝐶𝐶𝑖𝑖 = (𝑥𝑥𝑖𝑖−12
, 𝑥𝑥𝑖𝑖+12
), the value of flux could be approximated as below: 
(for simplicity, all following FVM algorithm are shown in 1-D case) 
 
 
Figure 40: Illustration of an FVM for updating the cell average 𝑸𝑸𝑸𝑸𝑸𝑸 by fluxes at the cell 
edges. 
Where ∆𝑥𝑥 = 𝑥𝑥𝑖𝑖+12
− 𝑥𝑥𝑖𝑖−12
 is the length of the cell. If 𝑞𝑞(𝑥𝑥, 𝑤𝑤) is a smooth function, then the integral 
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Denote the definition of time at each cell as 𝑄𝑄𝑖𝑖𝑛𝑛, and the main purpose is to approximate the 
quantity in the next step as 𝑄𝑄𝑖𝑖𝑛𝑛+1 with a known time step difference ∆𝑤𝑤 = 𝑤𝑤𝑛𝑛+1 − 𝑤𝑤𝑛𝑛. Integrating 
the above equation in time from two-time steps and dividing by ∆𝑥𝑥, it yields as, 
Eq. (18)  is the exact solution or update of the specific quantities; however, it is not possible to 
keep the exact update as we do not have it. Therefore, it is necessary to use numerical methods of 
the form for the update, 
Where 𝐹𝐹
𝑖𝑖−12
𝑛𝑛  is some approximation to the average flux along 𝑥𝑥 = 𝑥𝑥𝑖𝑖−12
: 
It is critical that the updating algorithm should ensure the convergence and stability of the solution. 
However, there are multiple available algorithms for updating quantities, such as Upwind, Lax-
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4.4.5.2 Finite Volume Method for Navier-Stokes Equations 
 The first step to construct an FVM scheme is to develop a control-volume-based 
discretization equation for the transport of a scalar quantity 𝜙𝜙. Again, following the derivation of 
advection examples, we write the equation in an integral form (conservation form), 
Where 𝐴𝐴 is the surface area vector, Γ𝜙𝜙 is the diffusion coefficient for 𝜙𝜙, and other parameters have 
the same definition as in the governing equations. The above equation is applied to each control 
volume.  We rewrite the above equation in the discrete form: 
And eventually, this becomes [125]:  
Where 𝑠𝑠𝑏𝑏 is the neighboring cells, 𝑓𝑓𝑝𝑝, and 𝑓𝑓𝑛𝑛𝑛𝑛 are the linearized coefficients for 𝜙𝜙 and 𝜙𝜙𝑛𝑛𝑛𝑛, 
respectively. As shown in the example of the advection equation, the numerical flux is the key to 
ensure stability and convergence of the algorithm. One of the most famous ones is the upwind 
method defined below.  
4.4.5.3 Upwind Method 
 The upwind methods could be first-order or second-order, which are dependent on the 
derivation of flux updates. If first-order is desired, quantities at cell faces are determined by 
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+ 𝑆𝑆𝜙𝜙∆𝑑𝑑 (22) 
 






throughout the entire cell; the face quantities are identical to the cell quantities. However, 
sometimes, second-order accuracy is preferred. Higher-order accuracy could be achieved at cell 
faces through a Taylor series expansion of cell-centered solution about the cell centroid as, 
Where 𝜙𝜙 and ∇𝜙𝜙 are the cell-centered value and its gradient in the upstream cell, and 𝑏𝑏 is the 
displacement vector from the upstream cell centroid to the face centroid. In the simulation, the 
second-order Upwind method is applied.  
4.4.5.4 CFL Condition 
 A numerical method can be convergent only if its numerical domain of dependence 
contains the true domain of dependence of the partial differential equation. It is very important to 
note that the Courant–Friedrichs–Lewy (CFL) condition is only a necessary condition for stability 
and convergence of the solution. For the Upwind method, the CFL number is given as [126]: 
However, as mentioned above, even if the CFL condition is satisfied, it cannot unconditionally 
guarantee the stability of the solution. In both ABAQUS CFD and FLUENT, we select the 
automatic CFL condition to avoid the non-convergent problems, even if the velocity of the fluid 
is given. 
4.4.5.5 Solver Algorithm 
A SIMPLEC algorithm is applied to solve, which uses a relationship between velocity and pressure 
corrections to enforce mass conservation and to obtain the pressure field (pressure-based solver) 
(ANSYS Guide): 
 




≤ 1 (25) 
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(1) Compute an intermediate velocity field 
(2) Define a velocity and pressure correction 
(3) Use the definition and combine 
(4) Derive an equation for update correction term 𝑠𝑠′ 
 
Figure 41: SIMPLEC solver algorithm. 
 𝑓𝑓𝑝𝑝(𝑠𝑠𝑖𝑖)𝑝𝑝







𝑛𝑛+1 = 𝑠𝑠∗ + 𝑠𝑠′,   𝑝𝑝𝑛𝑛+1 = 𝑝𝑝𝑛𝑛 + 𝑝𝑝′ (27) 
 



























4.4.5.6 Fluid-solid Interface Co-simulation 
 As the software solves the fluid domain by FVM, it also solves the solid domain by FEM. 
The major reason for the two different methods is that FVM generally takes more time and 
computing resources to solve a non-flow problem. As for the system coupling, it is necessary to 
understand how the coupling process works so that one can avoid making conceptual mistakes.  
 The external surfaces of the working fluid and the inner surfaces of the water pipes are the 
fluid-structure interaction (FSI) and it requires thermal coupling (static load is not important this 
time). In general, for solid-to-solid interactions, thermal conductance is highly important, which 
ensures that the heat flux through two parts is the same, which guarantees consistency. However, 
to solve the thermal interaction between the fluid and solid, there are three necessary quantities, 
which are needed to be updated in each time step (for steady-state, it means data transfer difference 
iterates to zero). 
Table 7: Data transfer in FSI. 
Data 
transfer 
Source Target Content Serve 
1 FLUENT Steady-state-thermal Heat transfer 
coefficient 
Convection coefficient 




3 FLUENT Steady-state-thermal Temperature Temperature 
 
 It is obvious that in Table 7, three-way data transfers are involved in the system coupling. 
Another important issue in the system coupling is how to launch the data transfer between two 
systems as their mesh is quite different. ANSYS implements one average scheme to match the data 
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transfer areas within a certain tolerance range. Finally, the iteration limiters could be adjusted 
according to accuracy, we select 𝑂𝑂(10−2) as the iteration target. 
As for co-simulation in ABAQUS, CFD coupling with thermal transient implements a similar 
scheme to ANSYS. The only difference is that the fluid domain is still solved by FEM, thus one 
could try to mesh both parts with close element size to improve accuracy.  
4.4.6 Simulation Geometry and Material Properties 
 The simulation geometry includes working fluid, water pipes, foamed aluminum 
substance, and thin-film PV module, and the EVA.  
 
 
Figure 42: Dimensions of simulation. 







Table 8: Dimensions and thermal conductivity of the different layers 








PV module (6 pieces) and 
EVA layer 400 300 0.2 
148 (PV module) & 
0.35 (EVA) 
 
Thermal paste 400 300 0.4 1.3 
Glass 400 300 2.0 1.8 
Foamed aluminum box 400 300 30 3.75 
Aluminum water tube 4333.67 N/A 0.9 237 
 
The inner radius of the water pipe is 1.6 𝑓𝑓𝑓𝑓, and the outer radius is 2.5 𝑓𝑓𝑓𝑓. The material of the 
water pipes is aluminum with thermal conductivity of 237 𝑊𝑊/𝑓𝑓.𝐾𝐾. The cross-section of the 
working fluid is the same as the inner section of the water pipe. Due to the convenience in the 
experiment, the working fluid is water, and its properties are listed below in Table 9: 
Table 9: Material properties of the water. 
Material Density (𝑘𝑘𝑓𝑓/𝑓𝑓3) Dynamic viscosity 
(𝑃𝑃𝑓𝑓. 𝑠𝑠) 
Thermal conductivity 
(𝑊𝑊/𝑓𝑓  𝐾𝐾) 
Water 1000 8.9 × 10−4 0.59 
  
4.4.7 Boundary Conditions 
 Due to the complexity of the boundary conditions, an insulated boundary condition has 
been applied to the bottom, side surfaces of the foamed aluminum box, and part of the water tube 
which is not contained in the box. The top surface of the box, which is the glass layer, is subjected 
to the prescribed heat flux (light at the intensity of 1000 𝑊𝑊/𝑓𝑓2 ) and air convection (heat transfer 
coefficient ℎ = 1.5 𝑊𝑊/𝑓𝑓2, ambient temperature 308.15 𝐾𝐾).  As for the foamed aluminum box in 
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Table 8, an effective thermal conductivity has been used. Thus, one imperfect thermal contact 
between the water tubes and the foamed aluminum box is assumed, where thermal contact 
conductance (TCC) is selected as 250 𝑊𝑊/𝑓𝑓2𝐾𝐾.  To match the experiment data, the water is 
subjected to: (i) Velocity inlet with the temperature at 295.45 𝐾𝐾 .(ii) Zero pressure-outlet. (iii) 
Non-slip between the boundary layer and inner wall of the water tube. The thermal is simulated 
via system-coupling between FLUENT and ANSYS Mechanical. Given the flow rate of 100 
and 200 𝑓𝑓𝑠𝑠/𝑓𝑓𝑠𝑠𝑠𝑠, the Reynolds numbers are 372, 744, respectively, which are below the 
turbulence range of 2000. Hence, in this work, the discussion is limited as the laminar flow. 
 
Figure 43: Interaction definition area of the foamed aluminum box and water pipes. 
 
4.4.8 Simulation Results for the Steady State Condition 
 Here, two cases have been studied following the experimental section. One with a water 
flow rate of 100 ml/min and the other with a water flow rate of 200 ml/min. In the performance 
testing, Q=100 ml/min showed to have the highest water output temperature, whereas Q=200 
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ml/min overall showed to be the optimal flow to achieve a high cooling effect and subsequent 
increase in the outlet power while also reaching a partially warm water output. 
The results for the flow rate of 100 ml/min are shown in Figure 44 and Figure 45. The figures only 
show the temperature of the top surface on the panel. The inlet is marked with a green arrow and 
the outlet by a red arrow. We can see that for T1, the temperature is at 60.27°C when the panel 
reaches a steady-state condition. This is quite similar to the recorded temperature for T1 during 
the experiment as it showed to be 61.92°C at t=65 min when the panel has reached temperature 
equilibrium. As the water is exposed to the collected heat from the solar cells transferred by the 
conductive carbon adhesive tape between the solar module and the aluminum foamed layer, the 
temperature of the water increases. 
 
 
Figure 44: Temperature distribution of the top surface at the steady state with a flow 
rate of 𝟏𝟏𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎/𝒎𝒎𝑸𝑸𝑸𝑸. 
62.46 60.31 61.99 66.73 




Figure 45: Temperature distribution of the water path at the steady state with flow 
rate at 𝟏𝟏𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎/𝒎𝒎𝑸𝑸𝑸𝑸. 
 Let us look at another example in the corner of the panel, for example, the location of T3. 
The experiment showed a temperature of 63.82°C for T3 at t=65 min, whereas here in the 
simulation result, we see a temperature of 65.32°C. This slight discrepancy could be due to the 
simulation design and the incorporated parameters for the different layers of the panel. However, 
by looking at the experimental data of T3 at t=95 min, shortly before the solar lamp is turned off, 
we see that that the temperature reaches 64.70°C which is much closer to what the simulation data 
showed. Finally, looking at the T9 which is located at the exit of the tubing system, we see that the 
data from the simulation shows a temperature of 65.69°C at the equilibrium, while from the 
experiment, this reading is 64.86°C at t=65 min. Once again, the results from the experiment and 
the simulation quite match and show the accuracy of the simulation prediction. 
 As for the case with Q=200 ml/min, the results are shown in Figure 46 and Figure 47. For 
the location of T1 at the entrance of the hydronic tubing system, the simulation result shows a 
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reading of 57.07°C, and the experiments showed 56.88°C. For T3, we can see in Figure 46 that it 
shows a temperature of 60.86°C, whereas the experimental reading is 59.46°C at t=65 min (steady 
state condition) and 60.49°C for t=95 min. Finally, for T9 located at the outlet point, the simulation 
shows 60.42°C while the experimental temperature is 58.76°C, a slightly larger difference 
compared with the other cases, but still within the acceptable range.  
 Overall, the results quite well fall within the acquired data from the experiment, validating 
that the model can be used to predict future cases and more complicated designs. For example, one 
downside with the current double serpentine hydronic design is the thermal mismatch between the 
center and sides of the panel, as confirmed by both the experimental and the simulation results. 
This in the long run could result in stress accumulation and accelerate the degradation or even 
cracking of the solar cells. Therefore, it is important to modify the design in future iterations. 
 
 
Figure 46: Temperature distribution of the top surface at the steady state with a flow 
rate of 𝟐𝟐𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎/𝒎𝒎𝑸𝑸𝑸𝑸 
58.87 57.01 58.29 61.48 




Figure 47: Temperature distribution of the water path at the steady state with a flow 
rate of 𝟐𝟐𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎/𝒎𝒎𝑸𝑸𝑸𝑸. 
 Economic Feasibility–Installation, Operation and Maintenance (O&M) Cost 
Analysis 
 As discussed at the beginning of Chapter 1, the primary goal of this project is to develop a 
more energy-efficient house with bi-directional geothermal energy storage and exchange system 
that includes BIPVT panels as the roof structure and a smart self-heating and cooling pavement 
system for the driveway. The scale-up novel bi-directional geothermal energy storage and 
exchange system from the laboratory prototype will be used for large-scale applications and 
demonstrate its performance through a building retrofitting project. This technology utilizes 
geothermal wells coupled with thermal energy storage by phase change materials (PCMs) to 
regulate the temperature in buildings through efficient heat exchange between a wall panel and the 
underground. Aluminum heat pipes (8’ long) will be embedded into the wall panel for heat 
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exchange with the indoor environment, and a copper heat pipe (60-150 ft long) will be installed in 
a shallow geothermal well filled with phase change material for heat dissipation and storage to the 
underground. To enable efficient heat transfer and storage, heat pipes and an elastic manifold will 
be designed and used to achieve auto-adaptive and self-driving thermal flow between the building 
and geothermal well by automatically circulating water through a novel passive pumping 
mechanism. The manifold will connect the bottom of the wall panel and the top of the geothermal 
heat well to bring up heat from underground to the room by the passive pumping mechanism. A 
schematic illustration of the roles of the elastic manifold, heat pipes, and the geothermal well in 
improving thermal energy storage, heat transfer efficiency, and building energy efficiency is 
shown in Figure 48. With the passive system keeps running, only a small backup geothermal heat 
pump is required to provide customized air conditioning. 
 
Figure 48: A schematic illustration of the proposed energy-efficient house with 




 The temperature of a geothermal well diminishes with time near the heat exchangers, and 
in the long run around the boreholes in a radius as large as 10 meters [127].  However, in the 
currently proposed system, with the heat being injected into the earth in the summer, the 
temperature of the well will stay constant or even slightly increase after the first year of operation. 
In general, geothermal systems have a low operation cost and high lifetime. However, a yearly 
inspection of the pressure/water level and the flow rate of the fluid is recommended. A geothermal 
well is typically designed for a 30-year useful life but can last even longer with proper operation 
and maintenance. The primary requirement for a geothermal well is the adequate amount of heat 
captured through the loop pipes. In addition to technical viability, the other factors that will affect 
the economics of a geothermal system are exploration costs, available resource depth which affects 
the drilling costs, raw materials, and goods used in addition to the labor costs. 
This section presents three scenarios for comparison: 1) Regular geothermal well linked with a 
heat pump to provide forced air; 2) Enhanced passive geothermal well with wall panel presented 
in this proposal, and; 3) Conventional forced-air system used with a furnace which is the common 
HVAC system in the US. 
4.5.1 Input Data and Assumptions 
 For this analysis, the cost data were collected from the literature and some of the interviews 
that were done during the customer discovery process of the NSF I-Corps project from Columbia 
University. This project will collect the performance data for a rigorous life cycle cost analysis. In 
this study, whenever the data was missing, additional assumptions were made to fill the gaps, based 
on the conservative estimates. 
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4.5.2 Economics Results and Discussion: 
 Results of this analysis are summarized in Table 10 and Table 11. The components of the 
geothermal well are listed with the cost of each item. For the drilling cost, $20 per foot is 
considered as an average number in the state of NY. The designed heat pipe for the geothermal 
well is 1 inch in diameter made of copper with a unit price of $10/ft. For both wells, based on the 
geological data of the location of the project, the first 20 ft is assumed to be an overburden layer 
consisting of sand and soil, followed by the bedrock afterward. For the regular well, a mixture of 
water and bentonite clay is used to seal the initial 20 ft walls from collapsing. For both wells, a 
6.5” steel pipe is considered to be used as casing for 20 ft long. In the enhanced well, polystyrene 
foam is used for insulation, and the rest 130 ft of the well is filled with phase changing material 
(PCM). The ground loops are assumed to be high density polyethylene (HDPE) with a diameter 
of 1 ¼” and with the length of the well (150 ft*2). For the regular well, a heat pump and ductwork 
are considered in the design, while in the enhanced well, two heat exchangers and a manifold are 
used in the design. Finally, 26% federal tax incentive and $1200 per ton of cooling capacity for 
NY state rebates are applied to the total cost. Maintenance costs, additional labor, and permits are 
not included in the calculations. 
It is observed that the conventional system needs 20 tons, the regular geothermal cost is $13,321 
more expensive than the passive one despite the fact that in the latter, some improvements in the 
design have been made. This cost difference is mainly due to the high drilling cost of the 20 well, 






Table 10: Physical parameters for each scenario for installation cost analysis. 
Item Regular Geothermal ($) 
Passive Geothermal  
($) 
Number of wells 20 8 
Drilling 60000 24000 
Heat pipe in the well 0 12000 
Grout 7609 0 
PCM 0 33694 
Insulation 0 16 
Casing (steel) 700 700 
Heat exchanger 0 1000 
1 1/4'' HDPE tubes 6000 2400 
Manifold 0 200 
Heat pump 15000 0 
Ductwork 12000 0 
Heat pipes in the wall panel 0 10000 
Federal incentives -23220 -19243 
State rebates -24000 -24000 
Total $54,088 $40,767 
 
 Table 11 shows the economics of the project. The consumption of the heating and cooling 
parts of the furnace in the conventional forced-air system is divided into two parts: 1) 200 million 
BTU of heating by Natural Gas for 7 months; and 2) cooling for the 5 months using 1000 kWh. 
However, due to the passive nature of the passive geothermal system, the energy consumption is 
assumed to be zero. For the regular geothermal system, the energy consumption of the 20 ton heat 
pump is assumed to be 10000 kWh annually, at a rate of 15C/kWh. For the regular and passive 
geothermal systems, the federal and state incentives are applied as Table 10, while for the 
conventional forced-air system, $150 federal tax for the high-efficiency furnace (95% efficiency) 
and $400 rebate from the Central Hudson utility company are applied. 
The results for the final cost of the forced air systems show a significantly less amount compared 
with the geothermal system, as expected. However, while the payback time is 5.8 years for the 
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forced air system, the passive geothermal system will pay back for its cost at slightly double this 
number (12.7 years), while it will take 31.8 years for the regular geothermal system to offset the 
initial capital. Therefore, based on the results of the techno-economic analysis, and considering 
that the payback time of the passive geothermal system is less than half the regular system, it seems 
that the development of an enhanced passive geothermal system would be economically feasible. 







Gross system size (kWh) 70.33 70.33 70.33 
Natural gas consumption (CCF) 0 0 300×106 
Annual energy use (kWh) 14000 0 NA 
Annual operating expenses 1500 0 3300 
System cost without incentives 101309 84010 19000 
Federal and state incentives -47220 -43243 -550 
System cost with incentives 54088 40767 18450 
Payback (yrs) 30.0 12.4 5.6 
 
Based on the above rough estimate, it is feasible for us to reach our dual goals using a backup heat 
pump with the passive geothermal system: 20% reduction of the initial cost and 50% energy saving 
compared with the baseline system. 
4.5.3 Energy Consumption and Efficiency Analysis 
 A case study to demonstrate the energy efficiency of the proposed passive geothermal 
system is presented below to compare the passive geothermal system shown in Figure 48 with a 
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single 3-ton unit. Only one hot summer day is analyzed. The parameters are assumed based on our 
current knowledge. The analysis can be extended to year-round application and will be updated 
with future measurements and experience.  
Temperature Conditions: Ground temperate 54°F, average ambient temperature 88°F, target room 
temperature 72°F. 
For a regular 3-ton geothermal system with the geothermal well total length/depth at 450′, a 500W 
water pump will be used to generate a water flow at 10 gpm with the entering water temperature 
(EWT) at 65°F and the leaving water temperature (LWT) 105°F. The system is running at 25% of 
the period at a COP = 3. The total energy consumption on heat and water pump is (10.5+0.5) × 24 
× 25% = 66 kWh to remove 10.5 × 3 ×24 × 25% = 189 kWh = 0.65 MBTU of heat from the room.  
Using the passive geothermal system, we assume the EWT at 56F and LWT at 70F at a rate of 
4gpm for 24 hrs. It removes (70-56) °F × 5/9 °C/°F x 4 gal × 3.785 kg/gal /60s × 4.2 × 1000 J/kg/C 
× 24 h = 198 kWh heat from the room. Actually, the impact of the passive system produces much 
less impact to ground temperature because much less heat is rejected to the ground, which will 
improve the system performance in another aspect.  
 Notice that the LWT of the passive geothermal system means the liquid flow back from 
the room with the room temperature at 72°F, which has different meanings from the one for regular 
geothermal.  
There are two issues with the passive geothermal system compared with the regular one: 
1. The passive geothermal system cannot suddenly change the temperature setting 
because of the lower cooling power. A back-up heat pump can be added to achieve 
this need at reduced cooling power.  
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2. The key is to generate a flow rate at a level of 4 gpm or higher by the passive flow 
pump with our invention. Although the working mechanism is sound and practical in 
the laboratory test environment, significant research is required to scale it up for field 
applications and long-term operation.  
Table 12: Energy analysis and comparison. 
24 hours operation Regular Geothermal Passive Geothermal 
Water flow rate 10 gmp 4 gmp 
EWT 65°F 56 °F 
LWT 105°F 70 °F 
Heat pump 10.5 kW 0 
Water pump 0.5 kW 0 
COP 3 Infinite 
Cooling power 31.5 kW 8.24 kW 
Running rate 25% 100% 
Cooling amount 189 kWh (0.65 MBTU) 198 kWh (0.68 MBTU) 
Electric consumption 66 kWh 0 
 
This project will provide a unique opportunity to develop the turn-key procedure and.  
For the BIPVT modules, the costs will be: 
On the PV side: 5 inch cell, 15 W: $86-90 
    6 inch cell, 23 W: $114-119 
                       28 W: $145-150 
                                  54 W: $180-188 
                       155 W: $455-480 
On the thermal side: $15/sq. ft. 
Right now, due to the recent advancements in solar cells, a new generation of products is coming 




 In this chapter, a novel BIPVT design was presented that reduces the operating temperature 
of the cells by means of a hydronic loop system integrated on the backside of the panel. In this 
design, aluminum tubes that are cast inside a foamed aluminum layer are integrated on the backside 
of the solar panel, and a fluid with high heat capacity (i.e., water) circulates inside the tubes in a 
closed loop [128]. The fluid absorbs the heat when it meets the panels and thus, reduces the surface 
temperature of the cells and makes them cooler. Therefore, the fluid is acted as both a heat sink 
and a heat collector. The heated fluid is then transferred to the facility room of the building via a 
pump to heat a water tank indirectly. As a result, the temperature of the panel can be regulated 
during the operation time, and the harvested heat could be used for partially warmed water to be 
used for applications in the building. This system not only maintains the efficiency of the solar 
panels at their feasible peak but also harvests heat and reduces the total energy consumption of the 
building. In this work, by using a combination of the simulations approach and experimental study, 
the proposed hypothesis was examined.  
 For experiments, six flow rates of 100 to 600 ml/min with an increment of 100 were 
selected and the experiments were run for over 160 minutes in total to show when the system 
reaches a stable point and what are the readings for temperature and the power. An I-V tracing 
system was developed to measure the changes in the power due to the implementation of the 
cooling system. 
The results show that the designed hydronic system can successfully cool the surface of the solar 
panel and improve its efficiency approximately to the value at the initial temperature state. 
The results show that the hydronic system effectively reduced the surface temperature of the panel 
that had risen to almost 88°C to as low as 55°C. Although there was a difference in the measured 
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temperatures by the nine thermocouples, the deviation was within 8°C. The hydronic design 
revived the lost power by 30.2% although varying for different flow rates. The temperature of the 
outlet water depends on the incoming water flow rate with the highest temperature achieved at the 
lowest flow of 100 ml/min. Overall, the flow rate of 200 ml/min could be selected as the optimal 
flow rate to achieve both the balance of cooling effect and the acceptable output water temperature, 
although further analysis can be done to find the optimum rate considering the collected heat per 

















Chapter 5: Conversion of Animal Fat to Phase Change Materials for 
Thermal Storage Applications 
5  
 Overview 
 Considering the growing energy demand and to meet the Paris Agreement goal that is 
keeping the global average temperature increase below 2°C, innovative methods in energy 
management need to be implemented. For example, in the building section, heating, ventilation, 
and air condition (HVAC) account for almost 35% of the total energy consumption. Even though 
renewable energy sources such as solar and wind are indispensable to shift from fossil fuels and 
fight climate change, one major problem has been the intermittent supply of renewable energies. 
Therefore, for situations when the sun does not shine or the wind does not blow, storing the already 
generated energy is vital. One of the less costly and widely available methods of thermal energy 
storage can be phase change materials (PCMs). 
 
Figure 49: World energy consumption by energy source (1990-2040) [129]. 
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 Phase change materials (PCMs) as the name implies deal with the transition of the material 
from one phase to another and the energy that is absorbed or released during these processes. 
Latent heat for a phase transition is used for thermal energy storage. When a material melts, it 
absorbs energy, and then when it freezes, the energy gets released. PCMs can be used to shift the 
cooling and heating peaks in a building. For example, water is a PCM in water-ice phases. When 
ice melts, it absorbs energy and becomes water, and when water becomes ice, it releases energy. 
But since the phase change temperature for water is 0°C, it is not suitable for most applications. 
Some of the applications of PCM can be temperature management of microelectronics, batteries, 
photovoltaic thermal (PV/T) systems, greenhouses, space, and terrestrial thermal storage modules, 
and waste heat recovery systems [130]. The storage capacity of a latent heat thermal energy system 
with a PCM medium is given by [131, 132]:  
 
 
where 𝑇𝑇𝑚𝑚 is the melting temperature in ◦C; 𝑓𝑓 is the mass of PCM medium in kg; 𝐶𝐶𝑝𝑝𝑠𝑠 is the average 
specific heat of the solid phase between 𝑇𝑇𝑖𝑖 and 𝑇𝑇𝑚𝑚 in 
𝑘𝑘𝐽𝐽
𝑘𝑘𝑓𝑓.𝐾𝐾� . 𝐶𝐶𝑝𝑝𝑝𝑝 is the average specific heat of 
the liquid phase between 𝑇𝑇𝑚𝑚 and 𝑇𝑇𝑒𝑒  in 
𝐽𝐽
𝑘𝑘𝑓𝑓.𝐾𝐾� . 𝑓𝑓 is the melt fraction; ∆𝑞𝑞 is the latent heat of 
fusion in 𝐽𝐽 𝑘𝑘𝑓𝑓� . 
 
 
 𝑄𝑄𝑠𝑠 = � 𝑓𝑓𝐶𝐶𝑝𝑝𝑏𝑏𝑇𝑇
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Figure 50: Phase transition diagram in phase change materials [130]. 
 A model that was developed by Morrison and Abdel-Khalik [133] is proposed for PCMs 
in small containers with the assumptions that negligible axial conduction in the fluid, low Biot 
number so that the temperature gradient normal to the flow can be neglected, and that the heat 
losses from the bed be negligible. Thus, an energy balance on the material will be [131]: 
 
where 𝑠𝑠, 𝑇𝑇𝑠𝑠, 𝜆𝜆𝑠𝑠, and 𝜌𝜌𝑠𝑠 are the specific internal energy, temperature, thermal conductivity, and 
density of the PCM. 𝑇𝑇𝑒𝑒 and 𝑈𝑈 is the circulating fluid temperature and overall heat transfer 
coefficient between the fluid and PCM. 𝜏𝜏 is the time. 


























�𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑒𝑒� (34) 
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where 𝜌𝜌𝑒𝑒, 𝐴𝐴𝑒𝑒 , and 𝐶𝐶𝑝𝑝,𝑒𝑒 are the density, flow area, and specific heat of the fluid. 
 By applying the boundary condition for PCM storage for particular cases, it can be shown 
that axial conduction during flow is negligible, and if the fluid capacitance is small, Equations (9) 
and (10) become [131]: 
 
 
where ratio Θ = 𝜏𝜏𝑓𝑓𝐶𝐶𝑝𝑝,𝑒𝑒 𝜌𝜌𝑠𝑠⁄ 𝐴𝐴𝐿𝐿  and effectiveness 𝐶𝐶𝑇𝑇𝑈𝑈 = 𝑈𝑈𝑃𝑃𝐿𝐿 (𝑓𝑓𝐶𝐶𝑝𝑝,𝑒𝑒⁄ ). 
Another application of the PCM is in a solar water heater (SWH) where the PCM not only can 
improve the efficiency of the system but also prevent temperature fluctuations in the stored water 
and keep it a steady range. In general, the SWH can be either passive, where thermo-syphonic 
SWH is used mostly in residential urban areas, or it can be an active SWH system, in which 
circulating pumps are employed for large and commercial industrial applications [134]. In a 
modified SWH system with PCM, the collected heat from solar collectors is transferred to a water 
tank (directly or indirectly) to increase its temperature and partially heat it. However, by use of 
thermally conductive PCMs, the heat can be first transferred to the PCM and then from there, to 
the water so that a constant flow of heat can be provided for water. 
 𝜕𝜕𝑠𝑠
𝜕𝜕Θ








Figure 51: Illustration of a solar water heater with PCM storage tank [130]. 
 In general, PCMs can be divided into three categories of organics, inorganics, and eutectics. 
Organics are mainly hydrocarbon-based such as paraffin wax which is extracted from crude oil. 
The advantages of such PCMs are having a wide range of phase change temperature (melting 
temperature), high latent heat values, non-corrosiveness, and almost no sub-cooling requirement. 
However, due to their source of crude oil, they usually are costly and not a good candidate for 
large quantities. In addition, being polymers and their amorphous structure makes them low 
conductive materials which are not ideal for a PCM.  
 The inorganic PCMs are mainly salt hydrates (MnH2O), nitrates, and metallics which have 
a high heat of fusion, high thermal conductivity, and are non-flammable and cheap [135]. 
However, they go under a process called sub-cooling. In sub-cooling, which usually happens in 
salt hydrates, the PCM has to be cooled much lower than its melting point before it can become 
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solid [135]. Also, inorganic PCMs are corrosive and therefore, should not be used with a metal 
container and there is always a chance of leakage when encapsulated.  
 Eutectics are considered a mixture of two or more phase change materials, either organic 
or inorganic. One advantage of such mixtures is that the melting temperature of the eutectics can 
be tailored based on the ratio and the types of the PCMs that are mixed [136]. A flowchart of the 
different PCMs types is presented in Figure 52. The PCMs can also be categorized based on phase 
change temperature, which is shown in Figure 53. 
 




Figure 53: Comparison of melting enthalpy and temperature for different groups of 
PCMs [138]. 
 While the use of phase change materials to decrease energy consumption has been a novel 
and growing idea, the current commercial phase change materials (PCMs), which are mainly 
paraffin wax-based and extracted from crude oil or its products, are costly to be used in the large 
scale. On the other hand, almost 50% of the animal parts consumed in the US are considered non-
edible and end in waste. If we can propose a process to utilize these non-edible wastes and turn 
them into phase change materials, that would result in a low-cost and bio-based alternative for the 
current PCMs. In this chapter, a holistic study is done on how to transform waste fat from animal 
sources to be used as phase change materials. This requires processing and conversion of the raw 
animal fat to some fatty acids with high latent heat that are suitable for PCM grade applications. 
In the following, a literature review of the current practices of organic PCMs and the advancements 




 The urban heat island (UHI) phenomenon occurs in central areas in cities that are higher in 
temperature than suburban areas because of the heat storage of buildings, increased population, 
and generated heat sources in urban regions. In a research work, Yang et al. did some research on 
how to reduce UHI through the usage of a phase change material (PCM) by applying PCMs on 
rooves in Seoul to lower the surface temperature by utilizing the latent heat of a PCM as heat 
energy storage [139]. In Phase 1 of the experiment, a mock-up outdoor test was conducted on the 
rooftop of Building No. 208 in Chungang University. A PCM cool roof system prototype was built 
using PCM and wood plastic composite (WPC). Bio25 and n-docosane33 were compared in this 
testing. A simulation was also conducted using Star-CCM+. With the application of the PCM, the 
surface temperature was reduced by 6.8 ℃. Between the two PCMs, n-docosane44 had a lower 
surface temperature than that of Bio25. Through the simulation, the roof surface temperature was 
able to be decreased from 61 ℃ to 39 ℃ with PCM in the system. The temperature reduction was 
also more significant in commercial areas than in residential regions. PCMs in roof systems can 
be useful for reducing surface temperature but has a greater effect in areas with a greater building 
density [139].  
 Prior research about organic phase change materials (PCMs) is either inconsistent or 
nonexistent making it difficult to properly understand the thermal properties of several organic 
PCMs. Kahwaji et al sought to thoroughly examine the properties of inexpensive, safe organic 
PCMs [140]. The PCMs studied were decanoic, dodecanoic, tetradecanoic, hexadecanoic, and 
octadecanoic fatty acids and 1-octadecanol. The thermal properties were measured using a 
differential scanning calorimeter. The melting points for the six PCMs range from 30 and 70°C. 
The measured heat capacities for the solid phase varied from 1.8 to 2.2 J K-1 g-1 while the liquid 
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phase values ranged from 2.1 to 2.5 J K-1 g-1. The thermal conductivity was approximately 0.3 W 
K-1 m-1 for the solid and 0.2 W K-1 m-1 for the liquid. A thermal cycler that was custom-built 
demonstrated that all PCMs remained thermally stable for over 3000 cycles. The PCMs were also 
tested for compatibility with 16 different materials including metals, metal alloys, and plastics by 
immersion corrosion tests. All three aluminum alloys and both stainless steel alloys were 
compatible with all PCMs while others varied depending on material and PCM. Based on the 
results of the experiment, these PCMs can be used for different energy applications now with a 
better understanding of their properties [140]. 
5.2.1 Waste Animal Fat 
 Current agro-industrial practices cause large quantities of animal fat to be thrown out as 
waste. Gallart-Sirvent et al. investigated the thermal properties of animal fat for its potential as 
phase change materials (PCMs) [141]. It is believed that the fatty acids in animal fats can be used 
as an alternative to commercial PCMs making them cheaper and more sustainable. Animal fat was 
obtained and then prepared into eutectic palmitic acid-stearic acid (PA-SA) mixtures. Threo-9,10-
dihydroxystearic acid (DHSA) and DHSA salts were also synthesized. Fourier transform infrared 
(FT-IR) spectroscopy was conducted for characterization. Gas chromatography-flame ionization 
detection (GC-FID) was also used to analyze the composition of fatty acids in the PA-SA mixtures. 
Differential scanning calorimetry (DSC) was conducted to obtain the thermal properties. The 
melting temperature for the prepared PA-SA PCMs was around 55 ℃ while the solidification 
temperature was around 52 ℃. The measured latent heats ranged from 172 to 181 kJ.kg-1. The 
thermal stability was also reliable, with the melting and solidification temperatures both changing 
less than 2% and the latent heat decreasing at most 14% after 1000 thermal cycles. For DHSA and 
its salts, they did have a suitable melting enthalpy and phase change temperature. Ultimately, 
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turning animal fat into PA-SA mixtures show great potential as PCMs, but DHSA and its salts 
require further modification for improved practicality [141].  
 In the previous study, non-edible animal fat was used by Gallart-Sirvent to make palmitic-
stearic acid (PA-SA) mixtures and threo-9, 10-dihydroxystearic acid (DHSA). While the PA-SA 
mixtures displayed good potential as PCMs, the DHSA required further study for improvement as 
a PCM due to low chemical stability [141]. The objective of a follow-up paper from the same 
group was to use non-edible animal fat in conjunction with biocatalysts to create new PCMs [142]. 
It is hypothesized that by using the DHSA obtained from the unsaturated fatty acids in animal fat 
that through biocatalytic reactions new PCMs can be obtained with better chemical stability than 
DHSA. The animal fat was hydrolyzed to obtain the mother liquor consisting of unsaturated fatty 
acids which were then used to synthesize DHSA. Several alkyl threo-9, 10-dihydroxystearates 
(DHSEs) were then prepared with DHSA, immobilized Candida antartica Lipase-B (CAL-B), and 
α-limonene. The melting and solidification temperatures of the twelve DHSEs prepared are 
between 52.45 ℃ to 76.88 ℃ and 40.04 ℃ to 70.82 ℃, respectively. The melting and solidification 
latent heats ranged between 136.83 kJ kg-1 to 234.22 kJ kg-1 and 122.68 kJ kg-1 to 229.71 kJ kg-1, 
respectively. Ultimately, these DHSEs from animal fat demonstrated great potential with their 
properties for PCM applications [142].  
 As bio-based PCMs increase in popularity, previous research studies have manipulated and 
processed animal fat waste with advanced techniques in order to optimize the thermophysical 
properties. Fabiani et al. focused on using raw animal fat waste without additional chemical 
processing as PCMs and analyzing their thermophysical properties [143]. It is hypothesized that 
although the animal fat may not have optimal properties, that it would still have the potential as a 
low-cost alternative PCM with suitable properties. The obtained animal fat was blended into a 
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uniform paste via a mechanical method. It was then analyzed through thermogravimetric analysis 
(TGA), differential scanning calorimetry (DSC), and monitoring the thermal behavior under 
different conditions in a climatic chamber. In the TG and DTG curves, the degradation could be 
separated between polyunsaturated (567-623 K), monounsaturated (623-721 K), and saturated 
fatty acids (721-770 K). By using 73.81 kJ ⸱ mol-1 as the average E value found using the Starink 
and Miura-Maki model, the lifetime was calculated as 3.85 × 1010 years at 323 K and 7.96 × 106 
years at 373 K with a conversion rate of 5%. 
Table 13: TGA results showed that the animal waste samples had a wide activation 
range from about 47.50 to 97.50 kJ/mol [143]. 
 
 From the DSC analysis, the first melting peak was at 275.03K with the second one at 
298.30K. The solidification peaks were at 274.24 K and 280.33 K. The heat of fusion was also 
found to be 28.94 kJ ⸱ kg-1. The thermal monitoring results demonstrated that because of the 
blended nature its latent response can last for longer periods in a wider range of temperatures. 
Animal fat displays potentiality as a PCM for passive building solutions because of its chemical 




Table 14: The DSC found that the animal waste had a total latent heat value of 28.94 
kJ/kg and a peak temperature of 25°C [143]. 
 
 Siliceous-based photovoltaic (PV) technology currently faces the problem of performance 
degradation when dealing with the increase of operating temperatures. The purpose of a paper by 
Nižetić et al. was to study the potential of pork fat as a PCM material for passive cooling in 
photovoltaic applications [144]. It was hypothesized that with the thermal properties of pork fat 
that a possible application could be a PCM in PV applications. Using numerical analysis, the 
performance of two PV-PCM systems (organic PCM versus pork fat) were studied and compared. 
The numerical analysis demonstrated that between an organic PCM and the pork fat, there is no 
significant difference in performance. An economic study was also conducted to research the 
economic viability of pork fat as a PCM. It was found that pork fat unit price must be under 0.50 
€/kg so that the Levelized Cost of Electricity (LCOE) is reasonable. However, the long-term 
degradation of the physical properties of pork fat remains a problem that necessitates further 
research. Although the pork fat PV-PCM system has no significant difference compared to the 
typical organic PV-PCM system, it is not economically viable for the application currently [144]. 
5.2.2 Vegetable-based Oils 
 Current commercial phase change materials (PCMs) are typically expensive and utilize 
non-renewable raw materials. In another work, Fabiani et al. studied using a bio-based PCM, 
expired palm oil, as an eco-friendly PCM for passive energy storage [145]. The properties of the 
expired palm oil were explored through thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), a thermal cycling experiment, and thermal monitoring in different climates. 
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The derivative thermogravimetric (DTG) curve could be separated into three different oxidation 
periods: polyunsaturated (562-618 K), monounsaturated (618-718 K), and saturated fatty acids 
(718-793 K). Using the Staring and Miura-Maki models, the average activation energy value was 
found to be 83 kJ ⸱ mol-1. The lifetime was then calculated to be 4.2 × 109 years at 323K and 9.6 
× 105 years at 373 K with the assumption that the conversion rate is 5%. The first melting peak 
from the DSC was observed at 276 ± 0.1 K and the second melting peak at 307.0 ± 0.1 K. The 
solidification peaks were at 292.3 ± 0.1 and 275.9 ± 0.1 K. The heat of fusion obtained was 47 ± 
5.2 kJ ⸱ kg-1. The palm oil PCM also performed well in the thermal cycling up to 1000 cycles. 
Environmental tests also showed that palm oil had a lower footprint compared to paraffin. In the 
future, steps towards improvement include: improving the energy storage density, purifying the 
bio-based blend with low-energy methods, and further studies with the subcooling reduction [145].  
 In a more recent paper, Kahwaji and White sought to examine the thermal characteristics 
of coconut oil, margarine, and shortening to explore their potential as PCMs [146]. The goal is to 
be able to use edible fats and oils with the potential as PCMs for residential applications. The 
edible fats and oils that were tested for this study were two margarine products, one vegetable 
shortening, and both virgin and refined coconut oil. The thermal properties were examined with a 
differential scanning calorimeter (DSC). Melt-freeze cycles for thermal stability were conducted 
by heating the sample in an oven then cooling it in an ice-water bath. The thermal conductivity 
was also measured of the refined coconut oil by using the thermal transport option (TTO) of a 
Quantum Design Physical Property Measurement System (PPMS). Through the DSC analysis, the 
margarine displayed a change in thermal values just after the first melt, indicating it was not 
suitable as a PCM. Vegetable shortening was more thermally stable however the latent heat of 
fusion was small making it unsuitable. Both coconut samples were able to withstand up to 200 
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melt-freeze cycles. There was no significant difference between refined and virgin coconut oil 
samples. The heat of fusion was found to be 105 ± 11 J g-1 with a peak melting temperature at 24.5 
± 1.5 ℃. The heat capacity of the refined sample was 1.6 ± 0.2 J K-1 g-1 in the solid phase and 2.2 
± 0.2 J K-1 g-1 in the liquid phase. The thermal conductivity was 0.19 ± 0.03 W K-1 m-1 for the solid 
phase and 0.17 ± 0.03 W K-1 m-1 for the liquid phase. The DSC results along with a supercooling 
experiment demonstrated that even at a temperature above 20 ℃, coconut oil can solidify through 
slow cooling. Ultimately, coconut oil PCM is low-cost compared to commercial PCM products 
and is more cost-effective if it can maintain its properties for over two years [146]. 
 Surfactants currently used in industry are based on petroleum. The purpose of using waste 
cooking oil (WCO) is aimed towards using a renewable and bio-based surfactant [138]. As 
research with using WCOs as different materials, Zhang et al. In a paper investigated deriving a 
zwitterionic surfactant from WCO and exploring its potential [147]. The composition of the 
processed WCO was determined with GC-MS chromatography, consisting of palmitic acid, stearic 
acid, oleic acid, linoleic acid, and linolenic acid. The carboxyl groups in the fatty acids were 
chemically modified by Friedel-Crafts alkylation reaction and acyl chlorination to produce bio-
based zwitterionic surfactants, N-phenyl fatty amidopropyl-N,N-dimethylcarboxylbetaine 
(PFAPMB). The surface tension (SFT) was measured with a DCAT 21 tensiometer with the plate 
method at a temperature of 25.0±0.1 ℃. The SFTs were found to decrease as the concentration of 
PFAPMB increased. The critical micelle concentration was determined to be at PFAPMB 
concentration of 0.734 mg L-1 and surface tension of 28.4 mN m-1. The interfacial tension (IFT) 
between the PFAPMB solution and obtained Daqing crude oil was obtained using the spinning-
drop method with an SVT 20 tensiometer at 50±0.1 ℃. was found to decrease with an increase of 
concentrations, with the lowest possible IFT at 0.0016 mN m-1 at a PFAPMB concentration of 
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0.100 g L-1. Ca2+ was also added to the Daqing crude oil and PFAPMB solutions and it was found 
that PFAPMB has a high tolerance for electrolytes. PFAPMB also demonstrated strong properties 
in terms of spreadability on hydrophobic solid substrates, emulsification, foaming, and 
biodegradation, showing it has good potential for many applications [147].  
5.2.3 Fatty Acids and Alcohols 
 The thermal properties of n-alkyl stearates with longer alkyl chains have yet to be explored 
for the potential for thermal energy storage. Yi et al. sought to explore the potential of n-alkyl 
stearates (CnS), acquired from fatty alcohols with 8-14 carbon atoms, as PCMs [148]. 1H nuclear 
magnetic resonance (1H NMR) spectra, Fourier transform infrared (FT-IR) spectra, differential 
scanning calorimetry (DSC) measurements, thermogravimetric analyses (TGA), and thermal 
cycling stabilities were examined. The synthesis of the CnS samples was all conducted at room 
temperature in a nitrogen atmosphere. Triethylamine was added to a fatty alcohol solution in 
dichloromethane. Synthesized stearoyl chloride in dichloromethane was then added. The solution 
was stirred over time, the solvent was then removed, and the remaining residue was washed and 
purified to yield CnS. The synthesis of CnS was confirmed successfully by both FT-IR and 1H 
NMR spectra. Based on the DSC thermograms, most of the fatty alcohols (except C12OH) were 
not fit for managing indoor temperatures. C8OH and C10OH had low melting temperatures and 
C14OH displayed a two-stage exothermic behavior that was unideal. In comparing the DSC 
thermograms before and after thermal cycling, all CnS samples demonstrated thermal stability. The 
melting temperatures of CnS ranged from 21-44.4 ℃ and the solidifying temperature ranged from 
19.1-42.1 ℃. The latent heats of fusion were also measured to be in the range between 165.8-
191.1 kJ kg-1. TGA also showed that from 215-400 ℃, CnS decomposed in only one step. The 
thermal conductivity was also measured to be at 0.22-0.24 W m-1 k-1. Additionally, the volume 
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expansions during the phase transitions were all between 6.73-7.05%. The latent heat storage 
capacity was also found to range from 146-159 MJ m-3. Ultimately, the CnS samples demonstrated 
potential as thermal energy storage PCMs [148]. 
 
Figure 54: The DSC analyses showed that C12OH was the most ideal fatty acid sample 
due to its melting/freezing temperature and single-phase change behavior [148]. 
 Fatty acids, despite their suitable properties for PCM application in buildings, are 
expensive, withholding them from many applications. The objective of a paper by Boussaba et al. 
was to devise a cheaper PCM by enclosing vegetable fat in the matrix of supporting material to 
prevent leakages [149]. It is hypothesized that a composite PCM using vegetable fat will be a 
renewable, low-cost alternative to common PCMs. The supporting material for the PCM consisted 
of natural clay, cellulose fibers, and graphite. The material was then immersed in the PCM in a 
thermostatic bath to prepare the composite PCM. Differential scanning calorimetry (DSC), thermo 
gravimetric analysis (TGA), thermal conductivity measurements, Fourier Transformed Infrared 
Spectroscopy (FT-IR), and scanning electron microscopy (SEM) images were performed on both 
the bio-based PCM and the composite-PCM. The composite PCM had melting and solidification 
temperatures at 27.33 ℃ and 26.88 ℃, respectively. The latent heat capacities of melting and 
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freezing are 40.27 J/g and 41.13 J/g. The thermal degradation of the composite-PCM began at a 
lower temperature than the simple bio-based PCM, but this is possibly caused by the greater 
thermal conductivity. Nonetheless, the degradation still starts above 200 ℃ (starting at 230 ℃), 
making it practical for building applications. The IR spectra confirmed that the interaction in the 
composite-PCM is purely physical and not chemical. Ultimately, the preparation of the 
composition-PCM using vegetable fat makes it suitable for building applications [149]. 
 Monoacylglycerols (MAGs) and free fatty acids (FA) are essential in indicating freshness 
in foods. However, there is currently a lack of an effective method that both quantifies and extracts 
these lipids. Chu and Nagy performed some research to propose a method to simultaneously extract 
and quantify MAG and FA from edible fats and oils without any chemical derivation [150]. By 
avoiding chemical derivation, and using LC-MS, it is hypothesized that there will be a higher 
recovery in extraction without any chemical changes during the process with more accurate 
quantification. Reversed-phase liquid chromatography-tandem mass spectrometry was used for 
simultaneously extracting and quantifying FA and MAG in fats and oils. The cation exchange solid 
phase was used for the purification and concentration of the analytes. An ammonium-formate 
buffer was used to separate and detect the analytes, MAG in positive ion mode, and FA in negative 
ion mode. Lower quantification limits obtained were 1-30 ppm for MAG analytes and 90-300 ppm 
for FA analytes. The averaged inter-batch precision was 6% and the averaged bias – 0.2% for 
MAG and 0.5% for FA. These methods were also applied to different animal fats and vegetable 
oils for their MAG and FA content, which can be used to analyze their qualities and authenticity. 
Ultimately, these methods were also verified with standard additions and stable isotope-labeled 




 Two problems fatty acids face in the application are leakage during the melting process 
and low thermal conductivity. In a paper, Tang et al. tried to solve the leakage problem while 
increasing the low thermal conductivity [151]. It is hypothesized that combining fatty acid 
eutectics with diatomite can synthesize shape-stabilized phase change materials (PCMs) and that 
expanded graphite will improve thermal conductivity. Eutectic mixtures used as phase change 
materials were made by mixing different mass ratios of palmitic acid and capric acid. The eutectic 
mixture used for the composite PCM (CPCM) had a PA:CA ratio of 12:88. CPCMs were 
synthesized at eutectic: diatomite ratios of 1:2 (CPCM1), 1:1 (CPCM2), and 2:1 (CPCM3) always 
with 20.0g of diatomite. The structure of the CPCMs was analyzed with Fourier transformation 
infrared spectroscopy (FT-IR). X-ray diffractometer (XRD), scanning electron microscopy, 
differential scanning calorimetry, thermogravimetric analysis, and thermal conductivity via the 
hot-wire method were all conducted as well. Between the eutectic fatty acid mixture and the 
diatomite, there was found to have no chemical relationship based on the FT-IR spectrum and 
XRD results. The SEM images revealed that the PCM is uniformly dispersed (change this word) 
through the diatomite. When the eutectic mixture is melted, diatomite serves as a successful 
supporting material in keeping the CPCM shape-stabilized with the exception of CPCM3, where 
the amount of diatomite is too little. However, adding expanded graphite (EG) solved this problem 
by being able to absorb the melted eutectic. The melting and solidifying temperature of the PCM 
and CPCMs ranged from 23.7 ℃ to 27.0℃ and 19.4 ℃ to 21.1 ℃, respectively. CPCM with EG 
had a melting temperature of 26.5 ℃ (3% EG) and 26.7 ℃ (5% EG) and a solidifying temperature 
of 21.6 ℃ (3% EG) and 21.9 ℃ (5% EG). The latent heat of CPCM3 decreased from 104.0 kJ kg-
1 to 98.3 kJ kg-1 with the addition of 5% EG, demonstrating that the latent heat does not decrease 
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significantly with the presence of EG. The TGA results showed that there was good thermal 
stability. The thermal conductivity of the CPCM3 increased from 0.119 W mK-1 (solidifying state) 
and 0.190 W mK-1 (melting state) by 1.1% and 26.3% with a 3% EG, and 25.2% and 53.7% with 
5% EG, respectively. Ultimately, combining fatty acid eutectics and diatomite can successfully 
synthesize shape-stabilized CPCMs and EG enhances the thermal conductivity without decreasing 
the latent heat significantly [151].  
 As discussed, fatty alcohols typically face a leakage problem as interior phase change 
material (PCMs). The objective of a research work by Baştürk and Kahraman is to synthesize a 
shape-stabilized composite PCM with increased thermal conductivity [152]. UV-curing will 
prevent the PCM from leaking due to the photo-crosslinked polymer serving as a matrix. Acrylated 
soybean oil (ASO) was synthesized using epoxidized soybean oil with acrylic acid. The PCMs 
were then made by combining ASO, 1-octadecanol, eicosanol, and 1-docosanol.  Photoinitiator 
darocure 1173 was also added and the mixture was melted to ensure homogeneity. The PCMs were 
then UV-cured to obtain the final UV-cured bio-based PCM. Fourier transform infrared 
spectroscopy, thermogravimetric analysis, differential scanning calorimetry, and scanning electron 
microscopy was conducted. 
 
Figure 55: Formation of photocrosslinked biobased phase change materials [152]. 
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 The FT-IR spectrum confirmed that the photo crosslinking of the UV-curing was 
successful for the PCM. It was also found that as the chain length of the fatty alcohol increased, 
the melting and freezing temperature also increased of the UV-cured PCMs. The melting and 
freezing latent heat enthalpies for melting and freezing ranged from 30 to 68 J/g and 18 to 70 J/g. 
By UV-curing these bio-based PCMs, the authors exhibited suitable properties and good potential 
for thermal energy storage. Shape stabilized PCMs are less likely to leak and can be obtained by 
adding supporting polymers. Ultraviolet curing can crosslink polymers to create a matrix to hold 
PCMs. Acrylate double bond at 1635 cm-1 disappeared [152]. 
  
 
Figure 56: Top: ATR-FTIR spectrum of epoxidized soybean oil (ESO) and acrylated 
soybean oil (ASO), Bottom: F2, F3, and F4 biobased PCMs [152]. 
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 Solid-liquid phase change materials (PCMs) easily leak when mixed directly with building 
material. The objective of a research paper by Wang and Meng was to develop a form of stable 
PCM consist of solid-liquid PCM and matrix with supportive function [153]. The authors 
hypothesized that by means of physical blending or chemical grafting, crosslinking, PCMs can be 
compounded with polymer matrix. To do so, the ratio of fatty acids to reach the lowest eutectic 
temperature was calculated. Two selected fatty acids were mixed uniformly at their eutectic ratio 
in a sealed beaker and kept in the drying oven at 80°C for 2 h. The mixture was vibrated in an 
ultrasonic cleaner at 50°C for 2 min and then conserved in the drying oven at 50°C. A three-necked 
flask with a constant current blender, a thermometer, and a condenser tube charged with the 
quantified amount of Methyl methacrylate (MMA) and Azobisisobutyronitrile (AIBN) in a water 
bath at 80°C for about 25 min. The melted fatty acid eutectic was slowly poured into the flask and 
agitated at 50°C until the acids dissolved totally. The mixture was put into the prefabricated mold 
and kept in a water bath at 60°C for 2 h and then at 90°C for 1 h. Unwrap the mold till the sample 
was cooled to room temperature and the fatty acid eutectic/PMMA form-stable PCMs were 
obtained. The results showed that phase change temperatures of the composites CA–LA/PMMA, 
CA–MA/PMMA, CA–SA/PMMA, and LA–MA/PMMA (50/50 wt.%) were adjusted to the 
suitable range for building energy conservation, ranging from 21°Cto35°C. The latent heat of LA–
MA/PMMA form-stable PCM was 113.2 kJ/kg. SEM images of the composite PCMs showed that 
fatty acid eutectic was enwrapped by PMMA so that there was no leakage of melted fatty acid out 
of the composite during the thermal absorbing process. PMMA hardly affected the thermal 
properties of the fatty acid eutectic thus the form-stable PCMs maintained the equivalent phase 
change enthalpies (59–81 kJ/kg) to the equal amounts of fatty acid eutectic [153]. 
137 
 
 In another work, to solve the leakage problem of binary fatty acid eutectics PCMs during 
phase change, Ke developed a simple fabrication method for producing stable PCMs. [154]. The 
author hypothesized that electrospinning provides a one-step method for fabrication of a form-
stable phase change composite nanofibrous membrane with high enthalpies efficiency, stable 
phase change temperature. Electrospinning uses electric force to draw charged threads of polymer 
solutions or polymer melts up to fiber diameters in the order of some hundred nanometers. Ag+ 
ions can be reduced to produce Ag nanoparticles by UV irradiation photoreduction technique. Ag 
nanowires can contribute to high thermal conductivity and high phase change enthalpy. To do so, 
electrospinning of the LA-PA/PET (1/1) composite solutions with small amounts of silver nitrate 




Figure 57: Schematic illustrations of the electrospinning process [155, 156]. 
138 
 
 The morphological structure, thermal energy storage, and release properties, and thermal 
energy storage and release rates were studied by scanning electron microscope (SEM), high-
resolution transmission electron microscope (HR-TEM), differential scanning calorimeter (DSC), 
and the measurement of melting and freezing times. The results showed that Ag ions successfully 
photo reduced and aggregated into Ag nanoparticles during the UV irradiation process. Ag 
nanoparticles were uniformly combined into the composite fibers. UV-irradiation treatment had 
no remarkable effect on the phase transition temperatures and enthalpies of electrospun LA-
PA/PET/Ag.  UV cured electrospun PCM exhibits suitable phase transition temperatures, high 
melting, and freezing enthalpies, and improved thermal energy storage and release rates [154]. 
               




5.2.5 Separation of Fatty Acids 
 The separation of fatty acids is crucial for preparing pure fatty acids or certain mixtures, 
due to the nature of saturated vs unsaturated fatty acids. Japir et al. performed a research work to 
find the ideal conditions for separating the saturated fatty acids (SFAs) from a fatty acid palm oil 
mixture with the methanol crystallization procedure [157]. The crude palm oil was from 
saponification using ethanolic potassium hydroxide and ethanol. The free fatty acids (FFAs) were 
separated and extracted. The percentage of free fatty acids was then determined using titration. 
The methanol crystallization was performed in a refrigerator provider using a beaker. The fatty 
acid: methanol ratio ranged from 1:5 (g:mL) to 1:25 (g:mL) with the crystallization temperatures 
ranging from -20℃ to 5℃. The palm oil fatty acids typically dissolved at room temperature with 
strong stirring, however, for high concentrations the temperature was increased to 55℃ to ensure 
proper solubilization, before being cooled. The mixture was filtered under lower pressure with a 
Buchner funnel. The crystals were washed, and the solvent was evaporated under lower pressure. 
A fatty acid methyl ester was also prepared by reacting methanol, hydrochloric acid, fatty acids, 
and toluene. Hexane and water were added for separation. GC-FID analyses were performed. The 
percent of an average yield of palm fatty acid mixtures (PFAMs) and %FFAs were 88.5±0.5% and 
99.3±1.1%, respectively. The fatty acid composition of the HFF-CPO and PFAM consisted of 
saturated fatty acids (50.2%, 47.8%)—lauric acid, myristic acid, palmitic acid, stearic acid—and 
unsaturated fatty acids (49.8%, 52.2%)—oleic acid, linoleic acid, and linolenic acid—, 
respectively. In comparing different crystallization temperatures and times and fatty acid:methanol 
ratios, it was found that the ideal conditions were at -15℃ for 24h with a ratio of 1:15 (g/mL). 
However, it is suggested to try progressive cooling, but it was not achievable in this study. After a 
double crystallization, the saturated fatty acids were composed of 90% palmitic acid, 5.8% stearic 
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acid, and 4.2% oleic acid. There were no indications of polyunsaturated fatty acids, only 4.2% of 
monounsaturated fatty acid oleic acid. This method was able to concentrate and separate the fatty 
acids over 95% and removed the polyunsaturated fatty acids. Methanol crystallization holds great 
potential for isolating the saturated fatty acids, and the methanol is easily recycled to be more eco-
friendly [157].  
 An effective, minimal-step hydrolysis process for fats and oils at moderate temperatures 
and pressures with a high yield of fatty acids and glycerine currently does not exist. The objective 
of a paper by 17. Satyarthi et al. were to test the application of double-metal cyanide (DMC) 
catalysts in the hydrolysis of fats and oils to fatty acids under desired moderate conditions [158]. 
DMC catalysts were previously used with vegetable oils for fatty acid alkyl esters, catalyzing non-
edible oils into biodiesel. Thus, it is hypothesized that this complex can also be used to catalyze 
other reactions, in this case, the hydrolysis of oils and fat to fatty acids. The Fe-Zn DMC catalyst 
was synthesized with ZnCl2, K4Fe(CN)6⸱3H2O, polyethylene glycol, and tert-butanol. Co-Zn DMC 
complex was synthesized similarly but used K3[Co(CN)6], instead of K4Fe(CN)6⸱3H2O. Diffuse 
reflectance infrared Fourier transform (DRIFT) spectroscopy is used to identify the type and 
density of acid sites. Hydrolysis was performed by taking a known quantity of oil or fat, water, 
and powdered catalyst in an autoclave. The product consisted of two layers that were separated. 
Glycerol was obtained from the aqueous lower layer and then analyzed with HPLC, titration, and 
1H NMR spectroscopy. The oily upper layer consisted of fatty acids and glycerides. The fatty acid 
products were also analyzed with HPLC, 1H NMR and Fourier transform infrared (FTIR) 
spectroscopy. The catalyst was also able to be separated and was reused in five recycles. Fe-Zn 
DMC was better than Co-Zn DMC as a catalyst, but ZnO was difficult to separate from the product. 
Triglycerides and fatty acids were completely converted with yields larger than 73% at moderate 
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temperatures as low as 463 K, autogenous pressure, and 5 wt% of catalyst. It was also found that 
as the number of catalysts increases, the fatty acid distribution also increases. The same applies 
when the reaction temperature is increased, the fatty acid yield also increases. Using this method 
of hydrolysis for various edible and non-edible oils and fat demonstrated a TG conversion ranging 
from 94.3 wt% to 99.9 wt%. DMC is an excellent catalyst for the hydrolysis of oils and fats with 
high conversion and selectivity [158].  
5.2.6 Hydrogenation 
 Little exploration has been conducted about metal carbonyls acting as catalysts in 
homogeneous hydrogenation in absence of carbon monoxide. Frankel et al. conducted a detailed 
investigation on homogeneous hydrogenation of unsaturated fats with iron pentacarbonyl [159]. 
Soybean oil was refined, bleached, and deodorized. It was hydrogenated in an autoclave with 
methyl esters. The products were then dissolved in petroleum ether and then washed and dried. 
Analyses were conducted by GLC, IR, and UV spectrophotometry. Countercurrent distribution 
was also conducted. Iron pentacarbonyl served as a catalyst for the hydrogenation at 180 ℃ with 
hydrogen pressures of 100-1000 psi. Proper diffusion of hydrogen gas was required for successful 
hydrogenation. The GLC analysis showed a high reduction of triene and diene. The hydrogenation 
of soybean oil methyl esters increased a little with greater catalyst concentrations and more 
significantly with cyclohexane as a solvent. The trans unsaturation increased with hydrogenation 
level with both soybean oil and methyl esters. The conjugated diene maximized though and then 
decreases. In soybean oil and methyl esters, iron pentacarbonyl successfully catalyzes the 
reduction, isomerization, and migration of double bonds. Based on the IR analysis, there is also a 
stable complex formation between iron carbonyl and unsaturated fats. Iron pentacarbonyl 




 Existing studies of PCM encapsulation do not account for encapsulation factors such as 
size, shell material, and thickness. The objective of a paper by Salunkhe and Shembekar was to 
investigate the effects of encapsulation variables on the performances of a thermal energy storage 
system and the phase change behaviors of PCMs [160]. Based on existing research, the paper 
hypothesized that metallic materials were ideal due to high conductivity and that smaller 
encapsulation sizes were desirable as larger encapsulation structures could result in temperature 
differentials. The study found that the ideal core-to-coating ratio was 3 to 1, as a lower ratio would 
contain too little PCM for effective TES, while any ratio higher would compromise the thermal 
and structural stability. The paper shares that, although materials such as polyurea or PMMA 
display physical and chemical stability, they can also pose environmental hazards due to 
formaldehyde emission. Thus,  inorganic materials offering chemical and thermal stability were 
determined as safe encapsulants. The paper also found that smaller PCM diameters (the smallest 
is 2 mm) were associated with rapid heat release. Overall, Salunkhe and Shembekar concluded 
that the ideal parameters for PCM encapsulation are metallic materials with small encapsulation 
sizes [160]. 
 While polymer encapsulation of paraffin is well studied, there is a scarce amount of 
research on the polymer encapsulation of fatty acids. The objective of a paper by Sarı et al. was to 
investigate the usage of styrene-maleic anhydride copolymer (SMA) to encapsulate fatty acid 
PCMs (stearic, palmitic, myristic, and lauric) in regards to the preparation and thermal behaviors 
[161]. The authors hypothesized that SMA could be useful in the encapsulation of fatty acids due 
to their two functional groups (carbonyl oxygen and ether oxygen), both of which interact with the 
hydroxyl group in fatty acids. In order to prepare the form-stable PCMs, the SMA and fatty acids 
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were separately dissolved in chloroform; varying fatty acid concentrations (50%, 60%, 70%, 80%, 
85%, 90%) were added to the SMA solution dropwise and chloroform was added for fifteen days. 
The chemical compatibility of the SMA and fatty acids was examined using morphology, FT-IR, 
and viscometry. To investigate the thermal properties of the composite, a 5-10 mg sample was 
enclosed in an aluminum pan and DSC was performed between 20-100°C with a heating ramp of 
5°C/min. The morphology found that for up to 85% mass fraction of fatty acids, the composite 
was form stable (no leakage of fatty acids). Similarly, the viscosimetry indicated high 
compatibility between the SMA and fatty acids as the higher composite viscosity showed strong 
attraction in the composite.  
The FT-IR results showed that the interaction between the SMA and fatty acids occurred between 
the ether oxygen group and the hydroxyl group. The DSC showed that the average latent heat of 
fusion and solidification was about 184 J/g and 187 J/g, respectively. Overall, Sari et al. concluded 
that the high maximum stable fatty acid weight percentage (85% wt.%), chemical compatibility of 
the composite, and high latent heat values of the SMA/fatty acid composites indicated the 
promising potential of SMA as PCM encapsulants [161]. 
Table 15: DSC results showed that the average latent heat of fusion and solidifying of 




5.2.8 Corrosivity and Esterification 
 Although fatty acids have been identified as good organic PCMs, there are still drawbacks 
such as corrosivity, odor, and thermal durability. Commercial PCMs are often incorporated in 
buildings using metallic or polymer encapsulations which lower thermal performances and can 
lead to seepage. In a research, Sarı and Karaipekli studied fatty acid ester PCM integration in 
building materials [162]. It was hypothesized that the direct integration of esters in porous building 
materials could offer thermal stability, quick heat transfers, and high latent heat capacities. In order 
to synthesize the PCM composites, erythritol tetrapalmitate (ETP) and erythritol tetrastearate 
(ETS) were directly mixed in with melted diatomite and expanded perlite (EP) and expanded 
graphite was added in order to enhance thermal conductivity. The paper employed a scanning 
electron microscope for structural analysis and used Fourier Transform Infrared Spectroscopy 
(FTIR) to investigate the chemical compatibility of the composite PCMs. The latent heat values 
and phase change temperatures were analyzed using differential scanning calorimetry with a 
heating ramp of 10°C/min (DSC). To test the thermal durability of the composites, 10 mg samples 
were heated from 25 to 500°C at a constant rate of 10°C/min, and thermogravimetric analysis 
(TGA) was conducted. 1000 thermal cycles were conducted to observe the change in thermal 
properties. The morphology analysis showed that the porous structures of the diatomite and EP 
readily absorbed the ETS and ETP, up to weight percentages of 57% and 62% in the diatomite and 
EP composites, respectively. The FTIR analysis revealed that the absorption bands of the 
composites were reflective of the behavior of the esters, diatomite, and EP only, thus indicating 
that there was no chemical interaction between the esters and the building materials. The DSC 
found that the melting and freezing range of the composites were between 19-30°C and 14-30°C, 
respectively, while the average latent heat of fusion and freezing of 117.8 kJ/kg and 121.7 kJ/kg, 
145 
 
respectively. After 1000 thermal cycles, the latent heat of fusion degraded by no more than 3.5% 
while the latent heat of freezing changed by less than 6%. According to the TGA, the composite 
PCMs did not degrade for temperatures below 100°C. Overall, the study concludes that the 
integration of PCMs in building materials is, in fact, highly viable due to the strong thermal and 
structural properties of the composites [162]. 
 In a follow-up work, Sarı et al. investigated the alternative possibility of using fatty acid 
esters in PCMs in order to combat the issues presented by conventional fatty acid PCMs was 
investigated [163]. The study hypothesizes that fatty acid ester PCMs would exhibit high latent 
heat values while reducing the corrosivity and odor of fatty acids. The fatty acid esters were 
synthesized by taking a 3:1 molar ratio of fatty acid to glycerol in toluene, solving the residue in 
chloroform, and washing the product with hot water, and drying it with anhydrous sodium sulfate. 
The chemical characteristics of the products were investigated using Fourier transfer infrared 
spectroscopy (FTIR) and proton nuclear magnetic resonance (1HNMR). Differential scanning 
calorimetry (DSC) was carried out from 5-80°C with a heating ramp of 5°C/min and used to 
observe the latent heat and phase change temperature values of the fatty acids and esters, before 
and after 1000 thermal cycles. Thermogravimetric analysis (TGA) was conducted from 40-450°C 
with a heating ramp of 10°C/min. The FTIR provided evidence that the esterification process was 
successful, as the absorption peak of the fatty acid carboxylic acid group disappeared. 
Furthermore, the 1HNMR showed new peaks indicative of the complete esterification. The DSC 
found melting and freezing temperatures ranges for the PCMs at 31-63°C and 31-64°C, 
respectively. It was also found that the latent heat values of fusion ranged from 149-185 J/g while 
the latent heat values of freezing ranged from 148-182 J/g. There was no detectable change in the 
chemical structures of the esters after the thermal cycles, indicating high thermal durability. The 
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TGA found that the esters did not degrade for temperatures below 150°C. Overall, the study found 
that the esters exhibited high latent heat values and great thermal and chemical durability in high 
temperatures. Thus, it was concluded that esters were promising alternatives for fatty acid PCMs 
[163]. 
 Although stearic acid is readily available and exhibits high latent heat values, the PCM 
application of the acid is limited by the odor, corrosivity, and high phase change temperature. Sarı 
et al. performed a research study to overcome the limitations of stearic acid as PCMs by esterifying 
the acid with various alcohols [164]. It was hypothesized that the esters of stearic acid would 
produce high latent heat values as well as less corrosivity and odor. The esters were synthesized 
by mixing stearic with butanol, isopropyl alcohol, or glycerol. To investigate the thermal properties 
and durability of the esters, differential scanning calorimetry (DSC) was performed before and 
after 1000 thermal cycles from 10 to 75°C. The chemical stability of the esters was observed using 
Fourier Transform Infrared Spectroscopy (FTIR). FTIR showed that the chemical structures of the 
esters were not changed after the thermal cycles. DSC found the phase change temperatures of 
butyl stearate and isopropyl stearate between 23-24°C and of glycerol tristearate 63-64°C. 
Furthermore, the latent heats of fusion were 121.0, 113.1, and 149.4 J/g for butyl stearate, isopropyl 
stearate, and glycerol tristearate, respectively. Thermal monitoring showed that the latent heat of 
fusion increased by 2.8% and 2.3% for butyl stearate and glycerol tristearate, respectively, while 
it decreased by only 4.8% for isopropyl stearate. The paper concludes that the esters would be 
suitable for thermal energy storage applications due to their high latent heat values, chemical 
stability, improved odor, and non-corrosivity [164]. 
 One factor that should be considered for the long-term use of these esters is the stability of 
their properties over time. For example, previous research done by Oldham et al. showed that 
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transesterification of waste cooking oil to reduce its acidic content can be used to produce a bio-
rejuvenator and tackle the moisture-induced issues of the binder [165]. The results showed no 
change in moisture-induced thinning even after 24 h of water conditioning. Similarly, for esterified 
FFAs, the thermal properties should be evaluated in the long term to find the stability of the 
material. 
5.2.9 Improving the Latent Heat and Thermal Conductivity 
 Bio-based PCMs usually have low thermal conductivities, making them poor thermal 
energy storage. Also, granular phase change composites are restricted to low-temperature 
practices. In a research study, Nomura et al. studied impregnation methods in order to achieve 
large heat storage and long operability [166]. It was predicted that the vacuum impregnation 
method would allow for the complete impregnation of the porous materials while retaining high 
thermal values in high-temperature cycles. For the impregnation process, the porous materials 
were placed inside an electric furnace with solid PCM (erythritol), and heated, such that the porous 
materials would be submerged in the PCM as it melted; this process was conducted in a vacuum 
and a non-vacuum. To investigate the extent of impregnation and thermal properties the study used 
scanning electron microscope (SEM) imaging and differential scanning calorimetry (DSC), 
respectively. Thermal cycling was conducted to observe the thermal stability of the composites. 
The SEM images showed that after the impregnation process, the pores of the porous materials 
were completely filled. The DSC results found that for expanded perlite (EP) and diatom earth 
(DE), the endothermic peaks of the PCM composites were very similar to pure erythritol, while 
the gamma-alumina (GA) composite exhibited two separate peaks, one close to that of pure 
erythritol and one significantly lower. The maximum latent heat values of the EP, DE, and GA 
composites were observed at 333.4, 237.4, and 68.1 kJ/kg at an incubation time of 1.8 ks in a 
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vacuum. After just four thermal cycles, the EP composite’s latent heat value degraded about 25%. 
Overall, the vacuum impregnation process was found to be ideal, as it offered higher latent heat 
values than a non-vacuum process, and the expanded perlite offered the greatest thermal properties. 
However, the thermal stability of the composite was very poor. Thus, it was concluded that the 
vacuum impregnation process offered complete impregnation and high heat storage, but a short 
operating time [166]. 
 Jeong et al. did some research on the incorporation of bio-based PCM in exfoliated graphite 
nanoplatelets (xGnP) [167]. It was hypothesized that vacuum impregnation of xGnP would lead 
to increased PCM thermal conductivity, increased thermal stability, and high chemical 
compatibility. To prepare the composite PCM, 100g of xGnP was mixed with 200g of the PCM in 
a vacuum for 90 minutes. Then, the air is allowed to enter the container so that the PCM may seep 
into the pores of the xGnP. Scanning electron microscope imaging (SEM) was used to observe the 
morphology of the composite, while Fourier transforms infrared spectroscopy (FTIR) was used to 
observe the chemical interaction of functional groups. Differential scanning calorimetry (DSC) 
and thermogravimetric analysis (TGA) were used to measure the thermal properties and durability, 
respectively. The thermal conductivity of the composite was measured using a thermal 
conductivity analyzer. The SEM analysis found that the bio-based PCM was well integrated with 
the xGnP structures. The Fourier spectroscopy showed that there was minimal change in the 
chemical composition of the PCM and that the chemical structures of the composite did not 
degrade after thermal cycling. The DSC analysis found that the latent heat values of fusion and 
solidification for the composite were nearly 75% of the pure PCM values. TGA showed that there 
was no significant mass degradation below 150°C and that the xGnP composite exhibited greater 
flame retardance than the pure PCM. The thermal conductivity analysis showed that the thermal 
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conductivity increased by 375% from the pure PCM to the xGnP composite. Overall, the xGnC 
easily retained the PCM in porous structures, showed high chemical compatibility, and 
demonstrated high thermal conductivity and properties. Thus, it was concluded that the thermal 
enhancement of bio-based PCMs using exfoliated graphite nanoplatelets would be beneficial in 
thermal energy storage applications [167]. 
 The polymer shell or the polymeric supporting phase change material leads to a reduced 
thermal conductivity due to low thermal conductivity coefficients. In a research paper, Zhang and 
Fang prepared a novel composite phase change material with enhanced heat conductivity and 
without liquid leakage during its phase change [168]. The authors hypothesized that 
paraffin/expanded graphite composite phase change material absorbing liquid paraffin into pores 
has good thermal conductivity and will solve the leakage problem. To do so, expandable graphite 
was dried in a vacuum oven at 65 C for 16 h. Then, a steel crucible containing about 3–4 g of the 
expandable graphite was put into a muffle furnace, and a subsequent heat treatment was held at 
800 C for 40 s. The paraffin was melted at 65°C. The expanded graphite was then mixed into the 
liquid paraffin and then filtered and dried to obtain the paraffin/expanded graphite composite. 
Seven grams of pure paraffin and 7 g of the paraffin/expanded graphite composite PCM were put 
into two glass test tubes with the same shell thickness and diameter. Both experienced a water bath 
at a constant temperature of 29 C. The results showed that leakage did not occur during the solid-
liquid phase change of the composite PCM. It took 500 s for the paraffin to drop its temperature 
from 65 C to 2 9 C (heat release process) and only 240 s for the composite PCM, indicating the 
latter having a higher thermal conductivity [168]. 
 Recent studies have suggested that acid-based surfactants can improve the latent heat of 
fatty acid PCMs. However, there is limited research on the effects of such additives on the phase 
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change temperatures, supercooling, and thermal conductivity of PCMs. Fauzi et al. explored the 
influence of acid-based surfactants on the thermal performances and properties of the eutectic 
mixture of myristic (MA) and palmitic acid (PA) [169]. It was hypothesized that adding acid-based 
surfactants would combat supercooling, decrease phase change temperatures, and increase the 
latent heat of fusion and thermal conductivity. To prepare the eutectic mixtures, MA and PA were 
blended in mass percentages of 0-100% in 10% gaps. Sodium myristate (SM), sodium palmitate 
(SP), and sodium stearate (SS) were added to mixtures in 5, 10, 15, and 20% mass percentages. 
The thermal properties of the mixtures were investigated through a differential scanning 
calorimeter (DSC). The thermal conductivity of the mixtures was observed using a thermal 
conductivity analyzer. Extensive tests were carried out on the MA/PA mixture of 70/30 wt% due 
to the mixture having the lowest phase change temperatures. DSC analyses found that the addition 
of SM, SP, and SS increased the latent heat values of the MA/PA mixtures by 20-27%. It was 
found that the addition of the 5% surfactants also depressed the phase change temperatures by 
about 5°C as well as the supercooling effect. The addition of the 5% surfactants also increased the 
thermal conductivity of the MA/PA by 2-7.5%. Overall, the study concludes that the addition of 
acid-based surfactants (5 wt.%) in eutectic fatty acid mixtures (MA/PA, 70/30 wt.%) successfully 
decreases supercooling and phase change temperatures, while increasing the latent heat values and 
thermal conductivity [169]. 
 Although several composite materials have been used to improve the thermal conductivity 
of phase change materials (PCM), such composites result in decreased latent heat capacities. Li et 
al. investigated a composite mixture that can improve the thermal conductivity and the latent heat 
capacity of a PCM at the same time [170]. It was predicted that the addition of spongy graphene 
in PCM composite mixtures would increase both the thermal conductivity and latent heat capacity 
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of the PCM. Spongy graphene was prepared through the hydrothermal reduction of graphene oxide 
sheets. The PCM (docosane) was melted; the spongy graphene was then added to the melted PCM. 
The latent heat capacity and thermal conductivity were measured using differential scanning 
calorimetry (DSC) and laser flash technique. Fourier Transform Infrared Spectroscopy (FTIR) was 
used to observe the interaction between the PCM and the spongy graphene. The DSC indicated 
that the latent heat of the composite PCM was 256.3 J/g and 262.8 J/g for melting and solidifying, 
respectively. These are increased latent heat values from the pure PCM of 254.8 J/g and 256.1 J/g. 
The laser flash technique showed that the thermal conductivity of the composite PCM was 127% 
greater than that of the pure PCM. Finally, FTIR showed identical absorption patterns for the pure 
docosane and the graphene composite. The paper concludes that the addition of spongy graphene 
successfully enhanced the latent heat and thermal conductivity of the docosane PCM [170]. 
 The effects of different surfactant types (anionic and non-ionic) on fatty acid ester PCMs 
are unknown. In a paper, Aydın observed the effects of varying amounts and types of surfactants 
in the encapsulation of fatty acid esters in polyurethane-urea (PUU) [171]. It was hypothesized 
that surfactants would greatly dictate the thermal performances of the PUU composites. The PUU 
composites were synthesized by mixing the ester, surfactant, and monomers in water. To analyze 
the thermal properties of the PUU composites, differential scanning calorimetry (DSC), 
thermographic analysis (TGA), and Fourier Transform Infrared Spectroscopy (FTIR) were 
conducted. It was found that a PCM to surfactant ratio of 40:1 produced the greatest encapsulation 
efficiency. DSC results also indicated that the PUU compositions exhibited significantly lower 
than the pure ester. TGA showed that regardless of the presence of surfactants, the PUU 
composites began to degrade at about 200°C. The paper acknowledges that the excessive surfactant 
can hinder encapsulation efficiency, especially the non-ionic surfactant (Pluronic P-123). 
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However, it is concluded that the surfactants and fatty acid esters were highly applicable for PCM 
encapsulations due to suitable thermal performances [171]. 
 Objective 
 As discussed, commercial PCMs are costly and are mainly from petroleum sources. 
Considering the diminishing crude oil, the increasing cost, and the long-term environmental 
aspects of using such products, bio-based alternatives should be explored. One potential material 
for PCM could be the fatty acids from the waste animal fat. On the other hand, most parts of animal 
fat go to waste in the food industry and slaughterhouses. The objective of this chapter is to examine 
the feasibility of transforming animal fat (pig fat in this research) into an effective phase change 
material (PCM) for thermal energy storage applications. The selected fat here is BaconUp, which 
according to the manufacturer, is 100% bacon grease. The material was purchased from Amazon 
and has a high shelf life. 
 
Figure 59: Conversion of animal fat to PCM for building applications. 
 Saturated vs. Unsaturated Fatty Acids 
 Animal fat typically has at least a 50% composition of unsaturated fatty acids (mainly oleic 
acid). Saturated fatty acids have higher latent heat and melting temperature. They are typically 





Figure 60: Saturated vs. Unsaturated hydrocarbons [172]. 
 In this research, we are going to use Saturated fatty acids (such as palmitic, and steric acids) 
for PCM applications. As it was discussed in the literature review section, saturated fatty acids 
usually have more desirable thermal properties such as higher latent heat, and thus, are more 
suitable for PCM applications. Some of the common fatty acids in animal fats are presented in 
Table 16. 
Table 16: Properties of different animal fats [173]. 
 
 Methodology 
Based on the performed literature review, in order to develop a bio-based PCM from a waste 
animal fat source, the following steps are suggested. More detailed steps and procedures are 




 The first step is the use of gas chromatography (GC) or high-performance liquid 
chromatography (HPLC) to identify what fatty acids are present in the animal fat and the percent 
composition of saturated vs. unsaturated fatty acids. This way, we can more specifically achieve 
the percent compositions of palmitic, stearic, and oleic fatty acids in the fat. 
 
Figure 61: Schematic illustration of the gas chromatography [174]. 
5.5.2 Hydrolysis 
 Animal fats are mainly composed of molecules of triglycerides, but the fatty acid portion 
is what we need for PCMs. Here, we use hydrolysis to break the triglycerides to get free fatty acids. 
There are several methods of triglyceride hydrolysis: saponification, enzymatic hydrolysis, high-
pressure steam splitting, double metal cyanide catalyst, etc. 
 
Figure 62: 1 triglyceride → 1 glycerol + 3 fatty acids. 
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5.5.2.1 Hydrolysis Method 
1. Prepare hydrolysis solution: ethanolic potassium hydroxide and ethanol  
2. Add animal fat and hydrolysis solution in a two-neck round-bottom flask at 70℃ for 2h 
3. Add water with hexane to the flask to separate fatty acids and glycerol phases 
4. Acidify with HCl to pH=1 and then recover FFAs (free fatty acids) with extraction using a 
nonpolar solvent such as hexane 
5. Wash the extracted fatty acids with distilled water to a neutral pH 
6. Use a separating funnel to remove the lower glycerol layer 
7. Dry the upper layer FFAs with a drying agent such as anhydrous sodium sulfate 
8. Evaporate hexane with vacuum rotavap 
5.5.3 Separation 
 Separating the saturated and unsaturated fatty acids in the fatty acid mixture obtained after 
hydrolysis via crystallization. Some separation methods are mechanical pressing, hydrophilization, 
dry fractionation, and crystallization. Here, we are going to use crystallization for its simplicity. 




 Separation by crystallization relies on different solidification temperatures as well as the 
solubility in the solvent to separate the desired compound from a mixture. Things that must be 
considered are the solubility of the desired compound vs. impurities, solute to solvent ratio, the 
temperature of crystallization, and length of time for crystallization. 
 
Figure 63: A schematic illustration of the separation method by crystallization [176]. 
5.5.3.1 Crystallization Method 
1. Dissolve FFAs (free fatty acids) in methanol with strong stirring, increasing temperature if 
needed. Experiment with the fatty acid: solvent ratio to find the ideal ratio 
2. Cool mixture progressively to crystallization temperature and time. Experiment with time 
and temperature to find the right values 
3. Filter using a Buchner funnel with reduced pressure (funnel cooled to crystallization 
temperature) 
4. Wash crystals (saturated fat) with methanol (pre-cooled to crystallization temperature) 
5. Evaporate solvent under reduced pressure using a rotovap 
6. Repeat with solid fraction for double crystallization 
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5.5.4 Hydrogenation  
 This is a simple process to transform unsaturated fatty acids into saturated ones. After 
separation, we have oleic acid (unsaturated) and palmitic and stearic acids (saturated). Here, the 
oleic acid will be hydrogenated into stearic acid. Reaction rate and efficiency are affected by the 
catalyst. Hydrogenation produces trans fatty acids as well. 
 
Figure 64: Hydrogenation of Oleic Acid. 
5.5.4.1 Hydrogenation Process 
1. Add hexane to dissolve the animal fat sample and prevent solid dissipation of animal fat 
during the hydrogenation process 
2. Add catalyst (Pd/C powder 10%wt 1g per 100ml sample) into the solution and put a stir 
bar inside the solution  
3. Stir the solution and cap the reaction container with a gas control valve connected to both 
H2 and the hood/waste gas deposit balloon. 
4. Fill the reaction container with H2 and then pump it down. Repeat this step more than 3 
times. The excess H2 should be released to the hood or stored safely. 
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5. Keep stirring the solution at room temperature for more than 2 hours until the solution is 
hydrogenized. (Sample turns into solids) 
6. Disconnect the sample from the aspiration system and heat the sample to 150 C to 
evaporate hexane. Filter the catalyst from the heated solution. (H2 filled Pd/C is flammable 
and thus should not be dried. Store it inside Ar or dispose into celite) 
5.5.5 Fischer Esterification 
 Esterification is the reaction between an acid and an alcohol that produces an ester; the 
reaction is catalyzed by a strong acid. Here, stearic and palmitic acids (saturated) from the 




Figure 65: Fischer Esterification reaction [177]. 
5.5.5.1 Esterification Procedure 
1. Mix a 1:10 molar ratio of stearic acid to ethylene glycol 
○ 4:1 Molar ratio of acid to catalyst (Sulfuric Acid) 
2. Heat and stir the mixture at 197°C for 3 hours 
○ Use a reflux condenser to keep the ethylene glycol from evaporating 
3. Allow the mixture to cool down below boiling and settle to a biphasic layer 
159 
 
4. Boil the excess ethylene glycol in a short path condenser 
○ Ethylene glycol has a much lower boiling point than glycol distearate 
 
Compared with eutectic PCMS, esters have some advantages: 
 
Figure 66:  Comparison of properties of eutectic mixtures with the esters. 
 
 Experimental Section 
5.6.1 Lipid Extraction 
 In order to perform liquid or gas chromatography on the raw animal fat sample, the lipid 
needs to be separated from the wet tissue. The two common methods for lipid extractions are 
Folch, Lees, and Stanley (1957) [178], and Bligh and Dyer (1959) [179]. In both, a mixture of 
chloroform and methanol is used as extracting solvent.  
In the Folch method, the tissue is homogenized with a 2:1 mixture (v/v) of chloroform:methanol 
to a final dilution 20 fold the volume of the sample, and the mixture is shaken for 2~3 minutes. 
The mixture is filtered, and the solid remaining is mixed with the chloroform/methanol solution 
for another 3 minutes. Then it is filtered and washed again with fresh solvent if needed. The crude 
extract is then mixed with 0.2 of its volume either with water or an adequate salt solution, e.g., an 
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aqueous solution of potassium chloride (0.88%, %volume of organic extract). The mixture is 
allowed to settle into a two-phase solution either by standing or by centrifugation. Finally, the 
upper phase is removed by siphoning and the lower phase containing the lipid before the solvent 
is removed either by a rotary evaporator [178, 180, 181]. The upper (aqueous) and lower (organic) 
layers contain chloroform:methanol:water in the volume ratios of 3:48:47 and 86:14:1, 
respectively [180]. 
The Bligh and Dyer method applies to tissues like cold muscle, fish muscle, or other wet tissues 
that contain about 88±1% g of water and about 1% of tissue per 100 g of tissue. One major 
difference with the Folch method here is that the ratio of chloroform to methanol. First, the tissue 
(100 g) is homogenized for 2 minutes with 100 mL of chloroform 200 mL of methanol. Next, 
another 100 mL of chloroform is added to the mixture, and homogenization is done for 30 seconds 
with blending. Then, 100 mL of distilled water is added to the mix, and blending continues for 
another 30 seconds.  The homogenate is filtered through Whatman No. 1 filter paper on a Coors 
No. 3 Buchner funnel with a slight suction. The solution is allowed for a complete separation of 
the two phases and the top alcoholic phase is removed. After settling the lipid is present in the 
lower layer [179, 180] it is important that the volumes of chloroform, methanol, and water, before 
and after dilution, be kept in the proportions 3:2:0.8 and 2:2:1.8, respectively [179] 
 In this study, in order to extract the lipid from the animal fat and do liquid chromatography, 
the Folch method with some modification was used. First, 1 g of the animal fat was weighted and 
put inside a tube. Then a 2:1 chloroform:methanol ratio was added to the tube to get a volume of 
20 times the volume of the sample. After that, the lid was closed and the tube was manually shaken 
for 3~5 minutes to homogenize the tissue. Here in order to have some extra materials, two samples 




Figure 67: Pig fat samples in the chloroform solvent. 
Once the fat is dissolved in the solvent and a clear solution is observed, we move on to the next 
step. Methanol is added to the solution and then the vial is shaken manually until the fat is dissolved 
in the solvents. 
                    
Figure 68: a) Methanol and fat on the top layer, and chloroform on the bottom layer. b) 




Next, the solvent is washed with 0.2 volume (4 ml of 20 mL) of 0.9% NaCl solution (saturated 
NaCl), which after shaking will result in the formation of a two-phase solution. 
 
Figure 69: The right vial is the initial solution of the fat sample inside chloroform and 
methanol, and the left vial is the two-phase solution after the addition of NaCl solution. 
We then transfer the solution from the two tubes to a beaker. Here, we see a two-phase solution 
with methanol and undesired substances on top, and chloroform, lipid molecules, and NaCl 
solution at the bottom. 
 
Figure 70: Two-phase solution after addition of saturated NaCl is formed. 
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Then we use a pipette to separate the bottom layer and transfer it to another tube. It is important to 
insert the pipette to the bottom of the beaker to avoid drawing any of the top methanol layer. 
        
Figure 71: The bottom layer of the two-phase solution is extracted using a pipette. 
Next, we add anhydrous sodium sulfate to the solution so that it can absorb the present water 
molecules. 
                     





Then, a small pipette with a piece of cotton at the end is used to filter sodium sulfate. The solution 
is drawn from the top layer of the beaker to avoid the particles to the most possible extent. 
           
Figure 73: Anhydrous sodium sulfate is filtered. 
 
Finally, a rotary evaporator is used to evaporate the chloroform in the tube and get the lipid. 
                     





The product is the lipids from the animal fat sample. 
 
Figure 75: Final product of extracted lipid from the pig fat. 
           
5.6.2 Hydrolysis 
Dissolve 29.4 g of potassium hydroxide in a mix of DI water (30 mL) and ethanol (270 mL) to get 
a 1.75 M solution (300 mL: 90% v/v). 
 
Figure 76: KOH is added to the flask to make a solution. 
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Then, weigh 50 g of animal fat (bacon grease) and add it to the flask. 
 
Figure 77: Pig fat is weighed and added to a balloon. 
Put a stirrer inside the flask and leave it inside an oil bath on a hot plate for 1:45 min at 70°C until 
the fat is completely dissolved in the solution. 
 




Afterward, the unsaponifiable matters are separated by adding 200 mL of water and 100 mL of n-
hexane, and the solution is added to a separatory funnel. Put the cap on the funnel and shake it 
with your hand a few times. Open the valve to let the hexane vapor out after every shake. 
 
Figure 79: The solution is transferred to a separatory funnel. 
We will now see a two-phase solution with hexane, cholesterol, and the other solutes on the top, 
and the fatty acids, water, and ethanol on the bottom. We do separation via the funnel and discard 
the hexane part. Then we add hexane again, shake the funnel, open the valve to let the vapor out, 





Figure 80: A two-phase solution is formed with the fatty acids at the bottom layer. 
The bottom layer is transferred to a balloon and the remaining is all the top layer hexane. 
 
Figure 81: Remainder hexane of the solution after separation. 
The aqueous alcohol phase in the soap is acidified using 6N HCL (~60 mL). The solution already 
has a pH of about 12.4. Here we calculate the exact volume of HCL to neutralize the base (KOH):  
29.4 𝑓𝑓 (𝐾𝐾𝑂𝑂𝐾𝐾)
56 𝑓𝑓 (1 𝑓𝑓𝑠𝑠𝑠𝑠𝑏𝑏 𝐾𝐾𝑂𝑂𝐾𝐾)
= 0.525 




Figure 82: HCL is added to the fatty acids to acidify the solution. 
We transfer the solution into the separatory funnel and rinse the flask with hexane. To make the 
solution acidic, we need a little more of the above amount. Therefore, we added 120 mL of HCL. 
The pH of the solution is 0.38 now and this means the solution is acidic and everything is dissolved. 
 
Figure 83: The solution with the low PH is transferred to a separatory funnel. 
Now we see a two-phase solution with hexane and the fatty acids on top, and the DI Water+KCL 




Figure 84: A two-phase solution is formed; hexane and the fatty acids are on the top 
layer. 
Now the KCl is in water and the fatty acids are in Hexane. We use the funnel to separate the 
solution of HCL+water. 
 




We approximately added 100 mL of hexane and 50 mL of water. Then we shook and opened the 
valve, and separated the KCl+water. We do the separation 3 times here. Make sure to rinse the 
flask with hexane before pouring the solution back to the funnel. 
Here we can choose two methods. 1) Add the exact amount of the hexane to separate FA from 
KCL or  2) do extraction multiple times. We chose the second one as it is more efficient and also 
since we do not know the solubility of the ingredients. 
 
                 
Figure 86: Multiple extractions are performed to separate hexane and fatty acids from 
the rest of the solution. Hexane and FFAs are on the top layer; water and KCL and ethanol are 




Figure 87: DI Water+KCL+Ethanol on the left, hexane+FFAs on the right 
In the next step, we add sodium sulfate to remove water particles from the FFAs+hexane solution. 
 
Figure 88: Anhydrous sodium sulfate is added to the solution of FFAs and Hexane. 




                   
Figure 89: Na2SO4 absorbs the water molecules inside the solution. 
 
Next, we need to filter the sodium sulfate. We should use a plastic funnel and a piece of cotton 
ball in the exit hole and thereafter, filter the solution. Make sure to rinse the flask with hexane and 
pour back the solution into the round flask. 
                     






 The reason we use Rotovap is because not only it rotates and evenly distributes heat, but 
rather provides vacuum and so the reduced pressure causes hexane to evaporate easier at a lower 
temperature. Also, since the mix of hexane+acids+fatty acids is not a two-phase solution, we 
cannot use the separatory funnel to separate hexane. 
 Add some dry ice to the ice reservoir of rotovap. Connect the flask to the rotovap and set 
the temperature of the hot plate to 40°C. We gently increase the vacuum to see the hexane 
condensation and drops in the other flask. If the vacuum is too high, the FAA solution will be 
sucked into the condensation flask. If we see bubbles inside the product flask, that means that the 
vacuum is high.  
 
   
Figure 91: a) Components of a rotary evaporator (rotovap); b) Rotovap is used here to 
evaporate hexane. 
 In the beginning, since we have more materials, less vacuum is needed but as the hexane 




 Observe the dry ice reservoir in case you need to add more. Almost 10 minutes after the 
process, we added more dry ice. Also, at this point, we need to stop the vacuum, open the top valve 
of the rotovap to increase the pressure, and empty the hexane flask into another container. This is 
necessary since the reduced pressure in both flasks is equal, when there is more soluble in the 
condensation flask, the pressure will push the material into the other flask. 
 Also, at this point, we increase the rotation speed to get the remaining hexane evaporated 
easily. We carefully observe the remaining solution in the product flask. If the volume is not 
changing clearly, it is a sign that the hexane has fully evaporated and that the condensation in the 
condensation flask might be just the hexane itself evaporating and condensing. 
The final product is Fatty acids which will solidify after a while since most parts of it are saturated.  
                   
Figure 92: a) Extracted free fatty acids from the pig fat; b) The fat turns into solid at 
room temperature. 
 
Afterward, we can scrape the fatty acids and transfer them into another container. For the 





For esterification, the procedure provided by Japir et al. [182] was followed with some 
modifications. First, 10 g of free fatty acids (FFAs) was added to a balloon. Then, a reagent of a 
mixture of 50 mL Methanol and 12.5 mL of hydrochloric acid (HCl) was prepared. 37.5 mL of 
methanol, 7.5 mL of the prepared reagent, and 7.5 mL of Toluene were added to the balloon and 
manually stirred. Then a magnetic stir bar was put inside the balloon and the balloon was placed 
on a hot plate and the mixture was reflux for 1.5 h at 65°C.  
                     
Figure 93: a) The mixture under the reflux; b) Final solution after 1.5 h of reflux at 
65°C. 
Then 75 mL of Hexane and 50 mL of DI water were added to the balloon and manually stirred 
before the mixture was transferred to a separatory funnel. Then the funnel is shaken upside down 
to let the hexane vapor out from the valve. We wait for the separation to happen and afterward, the 
bottom layer is separated to leave only the upper layer which contains hexane and fatty acid methyl 
ester (FAME). In order to make sure the resulting solution has only hexane and FAME and no 
remnants from the undesired lower layer, we release a little of the hexane+FAME layer while 





Figure 94: A two-phase solution is formed with the upper layer containing hexane and 
FFAs. 
Next, we add anhydrous Sodium Sulphate (Na2SO4) to the upper layer to settle any water 
molecules that are present in the solution. Finally, the salt is filtered via a Buchner funnel and filter 
paper with a medium flow rate & 8µm particle retention. The resulting solution is left overnight 
in the fume hood to let the hexane evaporate. Alternatively, the rotary evaporator can be used to 
accelerate this process. The final product is fatty acid methyl ester (FAME). 
                         





 For crystallization of free fatty acids, about 1g of the FFAs and 5 mL of methanol were 
added to a balloon. Then the balloon was placed on a hot plate with a magnetic stirrer bar inside 
and under the reflux, it was heated for 1 h with a stirring speed of 200 rpm and at 50°C. This 
temperature was selected to avoid reaching the boiling temperature of methanol which is 64.7°C. 
Once the FFAs was fully dissolved in methanol, it was transferred to a beaker and left at room 
temperature (22°C) for another 1h for the solution to cool. Then the sample was placed in a freezer 
to be cooled at a rate of 0.1°C/min to a target temperature of -20°C. This 44°C temperature change 
from the room temperature (22°C) to the target temperature (-20°C) took almost 7 hours and 20 
minutes. 
                     
Figure 96: a) Dissolved FFAs in methanol after reflux; b) The solution cooling at room 
temperature. 
 Crystallization is the process in which solid crystals are formed from a homogenous 
solution. It is referred to as an important solid-liquid separation technique. In general, when the 
fatty acids are cooled, they start to aggregate and forms clusters that eventually result in a 




long-chain alkyl groups is governed not only by the thermodynamics of the system but is also 
dependent on the path to go from the solution state to the crystalline state, or kinetic path [183].  
 
Figure 97: Structural hierarchy for crystal fat networks [184]. 
 The solubility of a substance is defined as the amount of solute that is required to form a 
saturated solution in a solvent at a specific temperature. The temperature is an important factor 
here because the solubility varies with temperature. Generally speaking, for many solids, the 
solubility decreases as the temperature decreases, although it is difficult to predict this for all 
solutes. Therefore, in order to visualize the temperature dependence of solubility, a solubility curve 
is used in which the solubility is plotted versus temperature (Figure 98). Based on this curve, we 
can see that at any temperature, there is a certain amount of solute that can be dissolved in the 
solvent. If there is less solute in the solvent than this threshold, the solution is called 
undersaturated, and if there is more solute in the solvent, the solution will be supersaturated. In 
order for crystallization to take place, a solution must be “supersaturated”. One way to achieve 
supersaturated solutions is to first prepare a saturated solution at a certain temperature and then 
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cool the solution. This way, since the solubility decreases, the results would be a supersaturated 
solution.  
 We can see in Figure 99 that as the solution of free fatty acids in methanol cools at room 
temperature, a network of clusters starts to form. This could be due to the reason that the 
supersaturated solution had enough time to let the molecule gradually aggregate and form clusters. 
 
Figure 98: Solubility curves of some common salts in water. 
 




 Therefore, once the FFAs solution in methanol was cooled at -22°C, we can see that a 
supersaturated solution is formed and the excessive free fatty acids have precipitated at the bottom 
of the beaker. Although at first glance, the solution seems to be frozen Figure 100a, if we put a 
spatula inside, we can see that it is not frozen. This is due to the fact that the freezing point of 
methanol is -97.6°C and therefore, at -22°C, the solution will still be in liquid form. 
                     
Figure 100: a&b) The FFAs in methanol solution after taking out of the freezer at -
22°C; and c) During filtration. 
 Afterward, the solution is filtered using a Whatman No. 1 filter paper on a Coors No. 3 
Buchner funnel with a slight suction. The remaining solution in the beaker was rinsed with pre-
cooled methanol that had been kept at the same temperature as the solution in the freezer. From 
observation of the filter paper with the naked eye, small crystals could be seen. However, in order 
to have a more precise analysis of the structures, a VHX-5000 digital microscope from Keyence 
Corporation with a magnification of X250 lens was used Figure 101. After letting the filter paper 
dry at room temperature, it is inserted under the digital microscope. The results can be seen in 
Figure 101c and Figure 102. 
 
a) b) c) 
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Figure 101: a) The VHX-5000 digital microscope; b) FFAs crystalline structures 






 As it can be seen, the crystals are dispersed on the filter paper and their size varies from a 
few microns to ~130 µm. The small size of the crystals could be justified due to the long 
hydrocarbon chains of fatty acids and that a lattice crystalline network would be unlikely to form. 
However, these small crystals would not be sufficient for the purpose of separation of the saturated 
fatty acids from the unsaturated ones which was the original purpose of doing such an experiment. 
   
Figure 102: Size analysis of the crystals observed under the microscope. 
Therefore, the FFAs solution in methanol that had been filtered and rinsed with plenty of pre-
cooled methanol was put back in the freezer and kept at -40°C for another 48 hours. Afterward, 
the solution was taken out of the freezer and filtered again. It was interesting to see that this time, 
instead of a deposited FFAs at the bottom of the beaker (Figure 100b), the solution had an unstable 
cloudy form where a subtle shake would result in the FFAs disperse in methanol again (Figure 103 
a and b). After filtration, the material on the filter paper was left in a desiccator for a few hours to 
let the methanol evaporate and the solution dry. Upon the first look, it can be seen that the output 
material is different from the FFAs being solid at room temperature and much lighter in color 
compared with the original FFAs. Later, in the LC-MS and the DSC sections, the chemical 
structure and thermal properties of this material will be studied. 
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Figure 103: a&b) Cloud form of the FFAs in methanol solution after 48 h at -40°C; c) 
Remainder of the filtered solution. 
 
 
           
Figure 104: a) The filtered FFAs in the desiccator; b&c) The dried FFAs at room 
temperature. 
 
a) b) c) 
a) b) c) 
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 Liquid Chromatography-Mass Spectrometry (LC-MS) 
Chromatography is one of the techniques to separate components of a mixture based on their 
flowing speed in a system of absorbent material. There is a mobile phase which is the mixture 
dissolved in a fluid (gas or solvent) and a stationary phase (a column, a capillary tube, a plate, or 
a sheet) where the mobile phase is carried through it [185, 186]. The molecules of the mixture 
depending on their size and polarity, stay shorter or longer in the system and thus exit the stationary 
phase at different velocities, thus causing them to be separated. The time that takes for the 
molecules to pass through the stationary phase is called the “retention time”. Some of the common 
types of chromatography methods are: 
1) Paper chromatography 
2) Thin layer chromatography 
3) Affinity chromatography 
4) Ion exchange chromatography 
5) Gel permeation chromatography 
6) Gas chromatography 
7) High performance liquid chromatography 
 In liquid chromatography, the mobile phase is a liquid. The solvent that carries the mixture 
is passed through a column that is packed with the solid stationary phase which usually contains 
porous materials made of silica, alumina, or cellulose (Figure 106). Therefore, the main principle 
of separation here is adsorption. In liquid chromatography, the mobile phase is passed down the 
column due to gravity, however, if the mobile phase is pressurized to pass through the columns 
(which could be up to 40 MP), then the method is called high performance or high pressure liquid 




Figure 105: Components of an HPLC instrument [186]. 
 The columns of HPLC are made of stainless steel and can withstand very high pressure up 
to 50 MP. The length of the columns varies between 5-25 cm and the internal diameter of about 
4.5 mm (Figure 106). The flow rate of the mobile phase is usually set at 1-3 ml/min.  
The stationary phase is made of absorbent materials with very small and uniform particle sizes to 
have better performance. The small area of the stationary phase gives a large surface area for the 
molecules of the mixture to interact. Therefore, the efficiency of this method of separation is higher 
and results in much higher resolution. Some of the materials that are commonly used for the 
stationary phase are chemically modified silica, divinylbenzene, etc. 
 Depending on the relative polarity of the mobile versus the stationary phases, the structure 
of the stationary phase, or their charge, the liquid chromatography could be normal, reverse, size 
exclusion, or ion exchange technique. In normal phase HPLC, the stationary phase is polar, and 
the mobile phase is nonpolar. In reverse phase HPLC, the stationary phase is non-polar while the 
mobile phase is polar. There could also be size-exclusion HPLC where the stationary phase has 
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some porous beads, and the mixture molecules pass through the pores based on their size 
difference. In ion-exchange HPLC, the stationary phase has an ionic charge with the opposite 
charge of the mobile phase. Therefore, the separation takes place based on molecular charge. 
 Chromatography could be used as a purification tool to separate the components of a 
mixture, or as an analytical tool, where the columns could be connected to various detectors such 
as UV, IR, refractive index, mass spec, electrochemical, etc. that are connected to a computer and 
collect the information from the sample. For example, when the output of the chromatograph is 
feed into a mass detector and the different masses of the separated contents of the mixture are read. 
 
Figure 106: Chromatography columns for HPLC. 
The mass spectrometer shoots a fairly concentrated beam of electrons through the sample which 
will break bonds, producing different components with a charge of +1. This will result in the 
components behaving similarly in an electrical field. Once these +1 cations are shoot through a 
magnetic field of B, the particles are exposed to a force equal to 𝐹𝐹 = 𝑞𝑞𝑑𝑑𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑞𝑞 where the F is the 
force perpendicular to the direction of the magnetic field and the velocity of the particle, q is the 
particle charge, V is the velocity, B is the magnetic field strength, and 𝑞𝑞 is the smallest angle 
between the direction of the V and B vectors. According to Newton’s second law of motion, the 
force that is exerted on the charges will cause an acceleration in proportion to their mass (𝐹𝐹 =
𝑓𝑓𝑓𝑓). However, at any magnetic force strength, the force is enough to accelerate certain pieces of 
188 
 
the molecules to hit the detector. In other words, for larger masses, a larger magnetic field strength 
is needed. Therefore, the magnetic field has to be gradually increased to accelerate the larger 
cationic components towards the receiver. Accordingly, the strength of the magnetic field is 
proportional to the mass of the components of the compounds which leads us to mass over charge 
ratio (m/z). Here, z is the charge which is always 1 for the cations that were produced by the 
shooting of the electrons. The m/z varies depending on how massive the compound is.   
 
Figure 107: Schematic illustration of a mass spectrometer [187]. 
 The detector gives different peaks obtained from the separated species in the sample. The 
peaks are plotted with respect to the retention time. In order to recognize the peaks, we need to 
compare them with a standard sample with already known peaks. Thus, based on the similarity of 
the retention time of the components of the mixture with standards, the different peaks could be 
labeled. A typical chromatogram output shows the retention time in minutes for the X axis which 
is the time between the injection of the analyte to the detection of the analyte. The absorption of 
analytes in mAu (milli absorbance unit) is plotted in the Y axis. The unit mAu is used to determine 
the concentration of the analytes. It should be noted that a higher peak does not mean the 
concentration is higher. The area under the peaks represents the relative abundance (or signal 
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intensity) of a specific mass which can be converted to a concentration. The area under the peaks 
can be calculated via the software. 
 For this study, an ultra performance liquid chromatograph (UPLC) of H-Class ACQUITY 
Arc System from Waters company was used along with a high resolution quadrupole time-of-flight 
mass spectrometer (MS) of Xevo G2-XS Q-ToF (Figure 108). The blank solvents that were used 
in the mobile phase are Water/Acetonitrile/2-Propanol (2:4:4; V/V/V). A CSH Acquity UPLC 
column (C18 column) with two types of solvents were used:  
Solvent A: Water/Acetonitrile (40:60; v/v)+10mM ammonium formate  
Solvent B: Water/Acetonitrile/2-propanol (5:10:85; v/v/v)+10 mM ammonium formate 
The samples were tested for their composition. The extracted lipid from the pig fat, the free fatty 
acids (FFAs) that were extracted from the pig fat via hydrolysis, and the dry fatty acids from the 
separation by crystallization of the FFAs. The results are shown in Figure 109 to Figure 118. The 
Y axis shows the percentage passed and the X axis demonstrates time usually in minutes. 
                               




 In Figure 109 the mass spectrum of the extracted lipid from the pig fat is shown. The Y 
axis shows the relative intensity of the components of the sample, whereas the X axis shows the 
retention time in minutes. The number on top of each peak shows the retention time (the smaller 
number) and the mass to charge m/z ratio (the larger number). As discussed earlier, fat molecules 
are composed of triglycerides. Therefore, the composition of the lipid shown is the different 
triglyceride molecules detected in the pig fat. 
 
Figure 109: Mass spectrum of bacon fat (lipid). 
 The fat is made of three molecules of glycerol and three fatty acids, which are called 
together Triacylglycerol. A more common name for this ester that contains three fatty acids bound 
to a glycerol backbone is Triglyceride. If none of the three fatty acid molecules have a carbon-
carbon double bond (C=C) in them, then the triglyceride molecule is saturated. This means each 
carbon atom is connected with the maximum number of hydron atoms possible. However, if one 
double bond exists in any of the three branches of the triglyceride, then it will be a 
monounsaturated triglyceride. Even if two or all three of the triglyceride branches have a double 
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bond, the molecule is still a monounsaturated triglyceride. If there is more than one double bond 
existing in any of the three branches of the triglyceride molecule, it will be called polyunsaturated. 
 
Figure 110: Components of a triglyceride molecule present in fat [188]. 
 From the data collected by UPLC-MS which includes retention time, mass to charge ratio, 
and relative intensity, now we need to look for molecules that match the mass of the detected 
species. To do so, a useful database is an online source called “Lipid Maps” [189]. By going to 
MS Data Bulk Search>The LIPID MAPS® Structure Database (LMSD) Bulk Structure, based on 
the input parameters such as mass to charge (m/z) ratio, ion type, mass tolerance, and the type of 
lipid, one can match the detected mass to an already known species in the database. For this 
purpose, the m/z data was copied into the website, the ion charge was selected as positive with 
[M+Na]+ and [M+NH4]+ checked, ±0.01 m/z for tolerance, and Tri(acyl|alkyl)glycerols (TG) 
species were selected. It should also be noted that before plugging the data into the website, we 
first filtered them with m/z values between 700 to 1100 and the retention time (RT) larger than 
8.7. This cut-off was selected based on the comparison with the peaks observed in the mass 
spectrum and to make sure only the targeted compounds are matched. The results for the matched 
masses are shown in (Table 18). Some of the masses that were not found in the database were 
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removed from the list. A script in Matlab was written to match each line of matched mass from 
Lipids Maps with the associated original data from UPLC-MS. 
Table 18: A snapshot of some of the data collected by UPLC-MS (the highlighted 
columns) and the matched species found on the Lipid Maps database. 
 Based on the results in Figure 111, we can see that 14.71% of the triglyceride molecules 
are saturated whereas the rest of the 85.29% is unsaturated with 48.65% being monounsaturated 
and 36.64% being polyunsaturated. The allocation was based on the TG identifier. The first two 
number in column I in Table 18 indicates the number of carbon atoms and the second number after 
colon indicates the number of double bonds. Whenever this number is 0, it indicates that there is 
no double bond in the molecule and it is a saturated component. For 1, 2, and 3 double bonds, there 
is a chance that each of the glyceride molecules has one double bond. Therefore, triglyceride 
molecules with 1, 2, or 3 double bonds are considered monounsaturated triglycerides. However, 
for more than 3 double bonds, the component is considered polyunsaturated. 
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 The amount of monounsaturated components in the pig fat is quite similar to what has been 
reported in the literature, however, the expected saturated was a bit higher, as reported up to 40% 
in other references. This discrepancy could be due to the data sorting threshold and the selected 
tolerance. For example, when the mass tolerance is selected as ±0.001 m/z, fewer matches are 
found for the input masses (33 matched masses versus 154).  
             
Figure 111: Triglyceride composition in pig fat. 
 The mass spectrum for the free fatty acids extracted via hydrolysis from the pig fat is shown 
in Figure 112. As stated earlier, the peaks do not represent an absolute intensity or concentration, 
but rather a relative concentration. If we calculate the area under the curves, the result would be 
the relative abundance of a species which can be converted to the concentration. For example, the 
concentration of the palmitic acid (FA 16:0) with a retention time of 2.98 min and the m/z of 
255.2318 is shown in Figure 113. The composition of the free fatty acids sample is shown in Figure 
114 and Table 19. As it can be seen, 66.56% of the total FFAs is saturated whereas the rest of the 





Figure 112: Mass spectrum of free fatty acids. 
 
 
Figure 113: Concentration of palmitic acids (FA 16:0) with the highest concentration in  
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283.2626 473.2816337.2347 391.2877 533.4545 587.0099 647.0454 683.0272 735.0445 803.0605 833.0344 881.0469
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 Based on the results, 62.2% of the total FFAs sample is just palmitic acid which is a 
saturated fatty acid. The other present saturated fatty acids such as stearic acid (1.92%), margaric 
acid (1%), arachidic acid (1.3%), and behenic acid (0.10%) are of lesser abundance. As for the 
unsaturated fatty acids, oleic acid has the highest concentration with 17.36%. The results somehow 
confirm the physical observation that the FFAs sample is solid at room temperature due to the 
presence of a large amount of saturated fatty acids. 
 Another note to mention is that in the FFAs sample, the number of carbons in the 
hydrocarbon chains varies between 14 to 22 and for the unsaturated molecules, the largest 
number of the double bonds is 4, whereas, in the triglyceride sample, the number of carbons is 
much larger ranging from 42 to 59 and C=C bonds as large as 13 as in TG 59:13 is observed. 
Table 19: Composition of the FFAs sample acquired from UPLC-MS. 
M/Z Retention 
time (min) 




225.1849 1.5 FA 14:1 Myristoleic acid 1.15E+04 0.0505 
255.2326 3.02 FA 16:0 Palmitic acid 1.41E+07 62.2044 
253.2162 2.1 FA 16:1 Sapienic acid 1.57E+06 6.8887 
269.2472 3.43 FA 17:0 Margaric acid 2.30E+05 1.0097 
267.2315 2.72 FA 17:1 Heptadecenoic acid 3.63E+04 0.1594 
283.2613 3.37 FA 18:0 Stearic acid 4.39E+05 1.9281 
281.2473 3.37 FA 18:1 Oleic acid 3.95E+06 17.3674 
277.2161 1.02 FA 18:3 α-Linolenic acid 3.97E+04 0.1746 
311.2941 5.17 FA 20:0 Arachidic acid  3.00E+05 1.3209 
309.2794 4.28 FA 20:1 Paullinic acid 1.25E+06 5.5001 
307.2629 3.43 FA 20:2 Eicosadienoic acid 5.82E+05 2.5579 
305.2478 2.92 FA 20:3 Eicosatrienoic acid  1.92E+04 0.0845 
303.232 2.3 FA 20:4 Arachidonic acid 1.61E+04 0.0709 
339.3257 5.96 FA 22:0 Behenic acid 2.31E+04 0.1016 
337.3103 4.97 FA 22:1 Erucic acid 3.32E+04 0.1458 
335.2947 4.49 FA 22:2 Docosadienoic acid  1.40E+04 0.0614 
331.2633 3.02 FA 22:4 Docosatetraenoic acid 8.51E+04 0.3742    
SUM: 2.27E+07 100 
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 In general, as expected, the triglyceride molecules are larger with longer carbon chains 
and more double bonds. The hydrolysis process breaks the large triglyceride molecules into 
smaller free fatty acids molecules. But also, the relative concentration of the saturated fatty acids 
increases in the sample which is a favorable consequence of the hydrolysis process. 
 
Figure 114: Composition of the extracted free fatty acids. 
 
Figure 115: Present free fatty acids in the sample assorted by the common name. 
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 This increase in the saturated FFAs is importation for the phase change materials (PCMs) 
purposes since the previous studies have shown that the saturated fatty acids have a higher latent 
heat compared with the unsaturated fatty acids. The significance of the higher latent heat is the 
capability to extract more heat per gram of the material. Therefore, this will result in an overall 
higher yield and efficiency of the PCM. In the DSC section, the comparison of the latent heat of 
the sample has been discussed in detail. 
 
Figure 116: Comparison of the two mass spectrums, FFAs (top) and pig fat (bottom). 
 The UPLC-MS results for the dry crystallized sample are shown in Figure 117. We can see 
that the spectrum is quite different from the free fatty acids. Here, fewer peaks are observed in the 
spectrum which means some of the components have been removed. The prominent two peaks are 
at 2.71 and 3.92 minutes with a mass/charge ratio of 255.2318 and 283. 2632 respectively. 
Comparison with the spectrum from the blanks solvents that were used to dissolve the FFAs 
confirms the above observation (Figure 118). Looking into the database of the free fatty acids, we 
can recognize these two species to be palmitic acid (FA 16:0) and stearic acid (FA 18:0), 
respectively. 
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Figure 117: Mass spectrum of dry crystallized FFAs. 
 
Figure 118: Comparison of the mass spectrum of the dry crystallized FFAs sample 
(top) with the blank solvents (bottom) used in the UPLC. 
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 UV treatment of the FFAs 
 As discussed earlier in the literature review, researchers had concluded that ultraviolet 
(UV) curing of the acrylated soybean oil based PCMs will form a photo-crosslinked matrix in them 
and results in leakage prevention. In order to explore if the UV ray has any effect on the latent heat 
values of the FFAs, samples of the fatty acids were exposed to UV light at different durations. 
 A QUV aluminum plate was covered on the corners with a UV resistant Black Gorilla tape 
and in the middle section, 0.235 g of the FFAs was spread. Then the sample’s plate was put on a 
hot plate at 75°C and with a small spatula, the sample was spread evenly to form a uniform layer. 
   
 
Figure 119: a &b) FFAs sample was spread on an aluminum plate, and placed on a hot 





 A QUV Accelerated Weathering Tester was used to UV cure the samples (please refer to 
section 2.2.2 for more details). This machine simulates the UV light of the sunlight at a wavelength 
of 340 nm. At first, three samples were prepared and were exposed to 5, 10, and 15 minutes at an 
intensity of 0.76 W/m2. However, after performing the thermal analysis by DSC, no significant 
change was observed in the UV cured samples versus the original FFAs. Therefore, the second 
time, the samples were exposed to much larger durations 12, 24, and 36 hours of UV. The 
temperature inside the QUV chamber reaches 45°C and stays constant for the whole duration of 
the test that could be due to the operation of the UV lamps which get quite hot when running. 
 Visually, there were some patterns observed in the UV exposed sample after 12 hours 
(Figure 120). However, when thicker samples were prepared (0.43 mm), this pattern was not 
observed. Other than that, there was no obvious sign of aging or change in the color or consistency 
of the material after the UV exposure. Changes in the latent heat properties and chemical structure 
of the UV exposed FFAs were examined by the DSC and FTIR respectively which will be 
discussed later. 
 




 Thermogravimetric Analysis (TGA) 
 Thermogravimetric analysis is a technique in which the thermal stability of a material and 
the fractions of its volatile components are examined by heating it at a constant rate and monitoring 
the mass change over time as the temperature increases. The method is relatively simple and quite 
fast depending on the defined heating ramp rate and the target temperature. The instrument is a 
thermal analyzer and uses a furnace to heat the sample while surrounding it with an inert gas (often 
N2). The nitrogen gas can also be used to flush the furnace and for cooling it. The temperature is 
usually set to increase until reaching the target point. Usually, the target temperature is selected in 
a way to expect full degradation of the specimen. Simultaneously, the mass decrease is measured 
with a very sensitive sensor. Therefore, it is important to avoid any vibration around the instrument 
or in the room. TGA does not detect phase change, but rather only mass change. It is recommended 
to use the same weight every time for running the instrument to achieve comparable results.  
            




 For this study, a TGA Q50 from the TA instrument was used (Figure 121a). This instrument 
can operate from ambient temperature to 1000°C with a controlled heating rate of 0.1 to 100 
°C/min while measuring mass change at a weighing precision of 0.01% with 0.1µg sensitivity for 
up to 1g. However, one limitation of the current design of the TGA is that the measured 
temperature is the temperature inside the furnace and not the actual sample. 
 While it is common to put the sample directly on the platinum or ceramic TGA pan, in 
order to avoid cleaning the pan every time after use, a crucible made of alumina ceramic can be 
used that withstands temperatures up to 1200°C. However, for the sake of this study, we used a 
DSC Tzero aluminum pan since it is disposable, cost-effective, and considering the softening point 
of aluminum which is 600°C, it serves well within our temperature range. Once the pan is tared, 
the sample needs to be placed on the tray. Then, the autosampler rotates and loads the tray onto 
the tray holder (Figure 121b). Therefore, it is important to not directly load the tray to the sample 
holder. A handle is provided to rest the hand on it while loading the crucible onto the pan. 
 Once the tray is hung on the tray holder, the furnace comes upward and the sample is fully 
enclosed in the furnace. The furnace starts heating at the designated rate and gradually the mass 
change is recorded at the requested frequency. It is important to not directly touch the tray or pan 
when loading the sample to the TGA to avoid the oil on fingers getting on the pan and affecting 
the readings. 
 Here, two samples of free fatty acids (FFAs) and fatty acid methyl ester (FAME) were 
taken and run. For FFAs, 0.020 g of the specimen was selected and was run up to 300°C at a 
constant rate of 10 °C/min. However, the results showed that the sample has not fully degraded 





Figure 122: Mass change of FFAs sample from room to 300°C at 10°C/min heating rate. 
 The next time, 0.025 g of FFAs was weighted and following the same heating rate of 
10°C/min, the temperature was ramped from ambient to 550°C. This temperature was still below 
the softening point of the Tzero aluminum pan and thus, the pan can be safely used.  
 The result for the mass change of the free fatty acids is shown in Figure 123. It is observed 
that after ~100°C and at 227.83°C, a large jump in the mass loss starts to happen. The sample 
continues to change until about 307°C where the mass loss rate slows. At 380.13°C, the sample 
enters the third rate of mass loss at which, 94.18% of the sample is evaporated. However, total 
degradation does not happen until 480°C. An image of the pan after the test is completed is also 
provided in Figure 123. It is obvious that compared with the image in Figure 122, the sample has 
fully been burned and what is left is only the burnt residue. 
 Another observation is that there are no multiple decays in the mass change. The one decay 
in the mass loss shows that the sample is homogenous and free of components with various 
degradation temperatures points, whereas, for composite specimens with multiple components, we 
see mass decay followed by a plateau before observing another mass decay. The experiment was 




Figure 123: Mass change of FFAs sample from room to 550°C at 10°C/min heating rate. 
 For the other sample of fatty acid methyl ester (FAME), 0.043 g of the specimen was taken, 
and the test was run at the same heating rate of 10°C/min from room temperature to 550°C. The 
result is shown in Figure 124.  
 Here, we see similar to FFAs, until about 110°C, no significant mass change is happening. 
After this point, the sample starts to decay until it reaches 276.70°C where 91.80% of the mass is 
lost. After this point, the sample enters the second heat loss rate until it is fully burnt at ~500°C. 
We can see that compared with FFAs, in the FAME sample major weight loss happens at a lower 
temperature. This could be due to the ester group present in the sample and the lower portion of 
the saturated fatty acids. 
 Now that we know about the thermal stability and the safe temperature range of the 
samples, we need to ensure that tests that deal with heating the samples stay below the degradation 
starting point. One of the thermal analysis tests is differential scanning calorimetry (DSC) which 




Figure 124: Mass change of FAME sample from room to 550°C at 10°C/min heating 
rate. 
 Differential Scanning Calorimetry (DSC) 
5.10.1 Principles, Components, and Calibration 
 Differential Scanning Calorimetry is a thermoanalytical technique that is used to measure 
the temperatures and heat flows associated with transitions in materials as a function of time and 
temperature in a controlled way. The results could provide quantitative and qualitative information 
about the physical and chemical characteristics changes of the sample including changes in heat 
capacity, and endothermic or exothermic processes (e.g., phase transitions, glass transitions, 
melting, freezing, crystallization, etc.). 
 DSC is widely used for thermal analysis of polymers, organic and inorganic materials, and 
pharmaceutical and cosmetic products such as lotions and creams. It has many advantages that 
have been contributed to its popularity in the past two decades such as fast analysis time, easy 
sample preparation, applicability to both solids and liquids, wide temperature ranges, and excellent 
quantitative capability with outputs that are repeatable [190]. 
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 This method was introduced almost 60 years ago, however, the first adiabatic differential 
calorimeter was first developed by P. L. Privalov and D. R. Monaselidze in 1964 at the Institute 
of Physics in Tbilisi, Georgia [191]. In this method, the difference in heat flow rate between the 
sample and a reference is measured as a function of time and temperature, where both the sample 
and the reference are maintained at nearly the same temperature in an area with controlled 
temperature and pressure (Figure 126a). The reference is an empty pan and should be of the same 
size and similar weight as the pan used for the sample. Both pans are located on a metallic disk, 
which is made of Constantan alloy, and equal heat flux is transferred to both the reference and 
sample (Figure 126b). As the heat gradually is transferred through the disk, the differential heat 
flow to the sample and reference is measured by area thermocouples that are formed by the junction 
of the constantan disc and CHROMEL wafers under the platforms. These thermocouples are 
connected to each other in series (Figure 125) and following Ohm’s Law, the differential heat flow 
is measured [190]. In this model, the assumption is that the sample and the reference calorimeter 
thermal resistances are identical and that the furnace temperature is uniform throughout the cell. 
where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= 𝑄𝑄𝑠𝑠 − 𝑄𝑄𝑟𝑟 is the heat flow, ∆𝑇𝑇 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑟𝑟 is the temperature difference between the 
reference and sample, and 𝑅𝑅𝐷𝐷 is the thermal resistance of the constantan disc. 
 











        
Figure 126: Schematic of the heat flux DSC 25 (credit: TA Instruments). 
 The temperature sensor never actually measures the actual temperature of the sample 
because the thermocouple is not in direct contact with the sample, but rather, the temperature of 
the sample placed on the platform is measured. Also, the flow rate between two empty cells is 
never zero because they are never perfectly symmetrical due to manufacturing tolerances. All of 
these will result in the heat flow baseline being a curve and have an offset instead of a flat line. 
However, in the new Tzero technology of DSCs by TA Instruments, this issue has been addressed, 
since the principles of DSC operation have been expanded to account for other imbalances such 
as thermal resistance, thermal capacitance, and heating rate (Figure 127). This will result in the 
baseline of an empty cell being flatter and thus, more accurate measurements (Figure 128). During 
the calibration, the software automatically calculates these values. 
 A purge gas (usually N2) is inserted inside the chamber to provide a uniform stable 
environment and ensure a baseline flatness and sensitivity (signal-to-noise ratio). For cooling, a 
refrigeration unit is used to provide cooling temperature to -90°C and heating can go as high as 




within a few days or weeks as the design of the instrument has considered long-term working time. 
However, the refrigeration unit can be turned off from the software, whenever not in use. 
 
Figure 127: Heat flow model in Tzero® technology DSCs. 
 
Figure 128: Comparison of heat flux DSC and Tzero DSC baseline with the theory. 
 Here in our lab, we have a Discovery DSC 25 as shown in Figure 129. While the cell 
constant and temperature need to be calibrated for all the DSCs, the Q200, Q2000, 1st Generation 
Discovery, DSC 250 and DSCS 2500 models from TA Instruments use Tzero technology and as 
explained earlier and the calibration is done via measurement of Rs and Cs. However, Q20 and 
DSC 25 rely on the heat flux measurement and therefore, need baseline calibration (T1). The T1 






























Figure 129: TA Instruments Discovery DSC 25. 
 For calibrations, an inert purge gas such as nitrogen with a controlled flow rate of 10-50 
ml/min with +/- 5 ml/min is needed. Also, since the DSC specimens are usually below 20 mg, a 
high precision balance with at least +/-0.1 mg accuracy is needed. The balance, however, must 
have a capacity greater than 20 mg. Finally, a high purity reference material (>99.99%) is needed 
which based on the manufacturer’s recommendation, an Indium sample is provided (Figure 130). 
 
Figure 130: Indium with high purity used as reference material for DSC calibration. 
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 To prepare the sample, several types of pans are available depending on the application, 
material’s volume, pressure, etc. Here, a Tzero aluminum pan is used, which is a very thin flat 
crucible with high thermal conductivity (Figure 131c). The pan can be easily deformed; therefore, 
extra caution should be taken when handling it and should always use a tweezer with gentle force. 
As for the lid, there are two types available: Tzero lid (Figure 131a) which is used solids and 
liquids and covers most applications, and Tzero Hermetic lid (Figure 131b), which is used for 
volatile liquids, or samples with water in them. 
   
 





 In order to seal the sample inside the pan, based on the selected type of pan and lid, a set 
of dies are available in the packages. For example, for the Tzero pan with a Hermetic lid, the blue 
dies should be used (Figure 132a). Once the pan with the sample in it is placed inside the lower 
die, it should be attached to the lower section of the press. The press is used to cold seal the pan 
and lid with pressure. This will ensure that the sample does not overflow or spread in the sample 
chamber, in addition to sealing the sample to keep its weight constant during the heating and 
cooling cycle. However, the upper and lower limits of the peak transitions should be selected 
carefully as the cold seal does not fully seal the sample. The upper die can be magnetically attached 
to the top section of the press, and the press is used one time per sample to seal the lid. After this, 
the lid cannot be opened and the only way to recover the sample is to cut the aluminum pan later 
via a razor blade. Please notice that the press only needs a gentle rotational force and should be 
handled with care. Also, the press should not be lifted by the handle. 
             




 The test method consists of heating the calibration material at a controlled rate through a 
region of transition. The heat flow difference between the calibration material and the empty 
reference pan is continuously monitored and recorded. A transition is marked by absorption of 
heat by the specimen which results in an endothermic peak, or release of heat by the specimen, 
determined by an exothermic peak. In Trios, the software provided by the manufacturer of the 
Discovery DSC 25, the exothermic peaks face upward. 
 
Figure 133: Peak transition for Indium. 
 Based on the results from calibration (Figure 133), the software calculates the cell constant 
(K) required to achieve a flat baseline. The cell constant is the calorimetric calibration which 
corrects for non-adiabatic heat transfer (heat lost to the surrounding). It is a multiplication factor 
for heat flow, typically close to 1, and is performed using a well-known melting standard such as 
indium: 
Lit. Temperature: 156.6°C 
Lit. Enthalpy: 28.71 J/g 
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 This is important later when running actual samples for detecting very weak transitions, 
and accurate integration of enthalpy. According to the manufacturer, for every pan/lid type, the 
calibration needs to be performed to recalibrate the cell constant if switching from a standard lid 
to a hermetic lid and vice versa. As for the calibration itself, the number does not matter as much 
since the instrument will calibrate to that number. The verification afterward is what tells us 
whether the calibration/instrument is performing well. 
 Another calibration that needs to be done is the reversing heat capacity. There are in general 
There are three ways to measure heat capacity: 
1. ASTM three run method 
2. Direct heat capacity (only available on DSC 2500) 
3. MDSC (easiest and most accurate method) 
The Modulated DSC® (MDSC) provides an easier method for measuring the heat capacity 
compared with the traditional method that requires three separated experiments for baseline, 
calibration, and sample analysis. In the MDSC experiment, the modulation of the sample 
temperature permits the heat flow to be split into two components, one of which is dependent upon 
the sample’s Cp and changes in Cp. In Eq. (40), the 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
 is what conventional DSCs mesure. 
However, the Modulated DSC determines the total component, as well as the two individual heat, 
flows by providing two heating rates, one average for the total flow, and one sinusoidal heating 









 Sapphire is the typical material that is used for Cp measurement calibration. The disk 
should be placed inside the pan with a crimped lid. Since the material is reusable, after the 
calibration is done, the aluminum pan can be cut by a razor blade to remove the sapphire disk from 
the pan. 
 
Figure 134: Two sapphire disks of different sizes are provided by the manufacturer. 
 


















5.10.2 Thermal Analysis of the Samples Using DSC 
 The DSC result for the pig fat is shown in Figure 136. The exothermic peaks that indicate 
heat release are shown upward and the endothermic peaks indicating heat absorption processes are 
shown downward. The blue curve shows temperature ramp from 90°C to -90°C and the red curve 
is the opposite, increase the sample’s temperature from -90°C to 90°C. This range for the fat 
specimen was selected based on the TGA results. Since the fat sample showed degradation onset 
at 110°C, choosing 90°C seemed to be a safe choice to cover the whole phase transition region but 
avoid degradation of the material. On the other hand, the refrigerated cooling system (RSC) of this 
DSC has a working range of -90°C to 550°C. Therefore, we chose the lowest cooling point to 
observe any subzero phase changes including crystallization. Here in the DSC results, the Y axis 
denotes normalized heat flow with a unit of W/g, and the X axis shows the temperature in °C. The 
test procedure which was followed for all the samples is shown in Figure 137. 
 




Figure 137: Test procedures for DSC analysis of the samples. 
 The procedure for running the samples shown in Figure 137 is as follows: (i) The test 
begins by ramping up the temperature to 90°C; this will pre-melt the sample and make sure it is 
uniformly spread inside the DSC pan. (ii) Then, for 5 min the sample is kept at 90°C (isothermal 
condition) to ensure equilibrium is reached. (iii) Next, the recording of the data starts, and the 
sample is cooled at a rate of 5°C/mins until it reaches -90°C (blue line in Figure 136). (iv) At -
90°C, the sample is kept at an isothermal condition for 5 min (Green line in Figure 136). (v) 
Afterward, the sample is heated to 90°C at a rate of 5°C/min (red line in Figure 136). (vi) The final 
isothermal stage happens when the temperature is reached 90°C and is held for 5 mins. After the 
test is finished, the sample is cooled to 40°C at which the test had started and the instrument stays 
in the idle status, automatically. MDSC curves were achieved with a modulation period of 60 
seconds and an amplitude of ±0.47°C. A nitrogen cooling system was used for cooling and the 
nitrogen gas was purged with a base purge of 178 ml/min and at a flow rate of 50 ml/min. 
 Here in the DSC results, the Y axis denotes normalized heat flow with a unit of W/g, and 
the X axis shows the temperature in °C. In the thermal analysis result in Figure 136, we can see 
two peaks appearing in both freezing (blue) and fusion (red) processes. The first peak for cooling 
begins at 10°C and goes down to about -8°C with a peak temperature of 4.23 and a maximum heat 
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flow of 0.948 W/g. In the following figures, the area under the curve equals enthalpy values. Thus, 
for pig fat, the normalized enthalpy of freezing for the first peak is 50.609 J/g, and for the second 
one with a peak temperature of -16.48°C is 62.966 J/g. 
 As for the endothermic peaks, the enthalpy of fusion for the first and the second peaks are 
45.105 J/g with a peak temperature at -2.14°C and 35.630 J/g with a peak temperature at 27.35°C. 
The low values of latent heat of transformation during the phase transition for both freezing and 
fusion clearly show that this raw pig fat is not suitable for thermal management or phase change 
materials (PCMs) applications. Also, other noticeable points are low phase transition temperatures 
that make the pig fat not suitable for building applications. Therefore, further processing was 
performed to extract the free fatty acids from the pig fat and separate them from the glycerol and 
cholesterol molecules which are long-chain hydrocarbons. 
 By looking at the DSC result for the free fatty acids (FFAs) sample in Figure 138, we notice 
a similar trend to the pig fat sample with two peaks of freezing and fusion. This is in line with the 





Figure 138: Free fatty acids (FFAs) differential scanning calorimetry result. 
 A notable change is the phase transition peak temperatures. The first peak of solidification 
happens at 30.45°C for hydrolyzed fat compared with 4.23°C for the pig fat. This could be due to 
the fact that the FFAs sample has a much higher saturated portion (66.5%) compared with the pig 
fat (14.7%) as confirmed by the UPLC-MS results discussed earlier in section 6.4, and by visual 
observation, since the FFAs is fully solid in the room temperature whereas the raw fat is semi-
solid. Also, the intensity of the peak in FFAs is higher reaching 1.236 W/g compared with 0.948 
W/g for the pig fat. However, because phase transition occurs at a narrower range, the overall 
enthalpy of solidification for the first peak is similar to the pig fat being just slightly higher. 
 As will be confirmed later in this section, the second peak seems to be associated with 
unsaturated fatty acids. For the FFAs, the second peak of freezing happens at a relatively similar 
temperature, however, the latent heat (∆𝐾𝐾) of freezing has a much lower value. As for the melting, 
the results seem to confirm the hypothesis that the first peak of melting at 0.79°C has a much lower 
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value, because of the lower proportion of the unsaturated fatty acids, whereas the second peak at 
24.32°C has a higher latent heat value since there are more saturated fatty acids in the FFAs 
sample. By and large, although a change in the relative proportion of the enthalpies is observed in 
the hydrolyzed fat, the values of latent heat are not promising for PCM applications. 
 As it was discussed in the literature review, some researchers have concluded that Esters 
could have some advantages over fatty acids such as higher latent heat values, lower odor and 
corrosivity, and a wider phase changer temperature [162-164]. The DSC result for the fatty acid 
methyl ester (FAME) is shown in Figure 139. 
 The first thing to notice is the sharp shift in the phase transition peaks, going from 30.45°C 
to 6.79°C for the first peak of solidification and from -17.82°C to -66.19°C for the second peak. 
The melting peaks also shifted from 0.79°C to -39.40°C for the first peak and from 37.78°C to 
9.00°C. Although a slight improvement in the latent heat values has been observed in the FAME 
compared with the pig fat and the FFAs, the low temperature phase change range of the FAME 
sample makes it not a good candidate for PCMs that are going to be used in wall panels or solar 




Figure 139: Fatty acid methyl ester (FAME) differential scanning calorimetry result. 
 Previously, Baştürk and Kahraman had used ultraviolet (UV) radiation to form a crosslink 
between acrylated soybean oil-based PCMs to prevent leakage [152]. In the current study, the free 
fatty acids were exposed to UV rays for 12, and 24 h to see the effect of the radiation on their 
thermal properties. The result for UV exposed FFAs are shown in Figure 140 and Figure 141. The 
remarkable change is the disappearance of the second peak of freezing and the first peak of 
melting, especially in the sample with 24 h UV exposure. Both samples have a higher freezing 





Figure 140: FFAs with 12 h UV exposure differential scanning calorimetry result. 
 
Figure 141: FFAs with 24 h UV exposure differential scanning calorimetry result. 
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 As for the melting enthalpy, the values are also higher than the FFAs; 56.18 J/g for 12 h 
and 67.21 J/g for 24 h UV exposure versus 57.05 J/g for the FFAs. Here again, the elimination of 
the second peak of freezing and the first peak of melting strengthens the hypothesis that the UV 
ray exposure was able to break some of the long-chain hydrocarbons. 
 The hope was to achieve a much higher latent heat value, however, the existence of the 
unsaturated FFAs in the sample seems to inhibit achieving this goal. Therefore, as planned, a 
separation via crystallization process was performed on the free fatty acids sample and the thermal 
analysis result of the product is shown in Figure 142. Here, a significant change is observed both 
in the peaks and the latent heat values. The second freezing heat associated with the crystallization 
has disappeared. This peak now is confirmed to be associated with the unsaturated fatty acids as 
shown by both the results in the LC-MS section and here in Figure 142. In addition, the first peak 
of melting which also could be related to the presence of the unsaturated fatty acids does not exist. 
 
Figure 142: Separated dry crystal differential scanning calorimetry result. 
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 The other observation is the significant improvement in the value of latent heat both for 
freezing and fusion. The dry crystallized sample has a 195.55 J/g latent heat of freezing and 195.19 
J/g latent heat for melting. Compared with the FFAs sample which had a 55.048 J/g enthalpy of 
freezing for the first peak and 52.732 J/g for the second peak of melting, the current result shows 
a more than 3.5 times increase in the latent heat value. Based on the results from the LC-MS 
section, the dry crystallized FFAs sample is made of only two components, palmitic acid (FA 16:0) 
and stearic acid (FA 16:0), both of which are saturated fatty acids. From the literature, the palmitic 
acid (C16H32O2) has a latent heat of melting ∆𝐾𝐾𝑚𝑚 = 198 − 210  J/g with a temperature of melting 
𝑇𝑇𝑚𝑚 = 61.3 − 62.4°C, and for the stearic acid (C18H36O2) ∆𝐾𝐾𝑚𝑚 = 159 − 214 J/g and  𝑇𝑇𝑚𝑚 = 54.7 −
69.0°C [192]. The results seen in this research are quite close to the reported values for both 
palmitic acid (PA) and stearic acid (SA). Therefore, the extracted mix of PA-SA could be a 
promising material for animal fat-based PCMs. 
 As for the temperature of phase transition, the solidification temperature range of 10-54°C 
and melting range of 16-68°C is quite suitable for building envelope and solar panel applications. 
Recalled from chapter 4 of this work, we have seen that the surface temperature of the solar panels 
reaches almost 88°C in just 30 minutes. Therefore, the PA-SA phase transition temperature falls 
in that range. Also, by mixing the PA-SA mix with other PCMs, a eutectic PCM can be achieved 
in which the phase transition temperature can be manipulated based on the concentration of each 
component. 
 Finally, a comparison between the PA-SA mix from this research and a commercial organic 
PCM has been made in Figure 143. We can quite a similar behavior from the PA-SA while having 
a less narrow phase transition and a lower latent heat value. However, the fact that this is a bio-





Figure 143: Comparison of a) A commercial organic PCM with, b) The PA-SA mix 






 Conclusions and Future Work 
 In this work, the feasibility of converting animal fat to phase change materials was studied. 
Considering the literature review and the state-of-the-art research, a methodology was developed. 
After characterization of the fat and detecting the composition, it was found that almost 15% of 
the sample is saturated fatty acids [193]. Hydrolysis was used to break the animal fat molecules 
and obtain free fatty acids. The results from HPLC-MS showed that 65% of the product was free 
fatty acids (FFAs). Separation by crystallization was done to separate the saturated fatty acid from 
the unsaturated ones and confirmed by the HPLC-MS, the only two components in the final 
product were palmitic acid and stearic acid. Esterification of saturated FFAs is expected to increase 
the latent heat capacity, provide a wide phase change temperature range PCM while also being 
odorless and non-corrosive. However, since the esterification of the FFAs showed a slight 
improvement in the latent heat, it was not performed on the saturated FFAs. 
One major achievement was after separation where the saturated fatty acids were separated from 
the unsaturated in the free fatty acid mix. The results showed a latent heat value of ~195 J/g. 
Compared with the FFAs sample which had a latent heat of ~55 J/g, the saturated FFAs showed a 
more than 3.5 times increase in the latent heat value. 
Once the quality of the manufactured PCM met the desired specifications, it can be used inside a 
building integrated photovoltaics ad thermal panel and its efficacy can be evaluated in absorbing 





Chapter 6: Conclusions and Future Work 
6  
 Summary 
 This dissertation presents the materials and methods that are used for the thermal 
management of infrastructure surfaces i.e., pavements, solar panels, and building envelopes. The 
big picture is to use these components for a hydronic pavement system that addresses the pressing 
issues occurring in both hot and cold climates using sustainable energy sources. Pipes filled with 
fluid are embedded within the pavement that can either dissipate heat into the ground (for summer) 
or extract heat from the water tubes of the BIPVT and the heat reservoir underground to regulate 
surface temperature (for winter). The asphalt layer can be modified with crumb rubber from 
recycled ground tires to improve its rheology and resistance to UV rays of the sun. Carbon 
nanotubes can be used to achieve a higher thermal conductivity and thus, efficiently transfer heat 
from the ground to the surface and vice versa. BIPVT panel with a cooling system that was 
proposed can be placed on the roof of a building and be connected to the hydronic pavement or 
the hot water system of the building to provide heated outlet water while on the hand, contributing 
to increasing the efficiency of the PV cells by reducing their temperature while they are exposed 
to the sun. Finally, the phase change materials with bio sources from waste animal fat can be used 
as a cheap and environmentally friendly alternative to the commercial paraffin PCMs. The PCM 
can be injected inside the aluminum foamed layer of the BIPVT to further improve its performance. 
In this way, when the heat from the tubing system will be absorbed by the PCM first until it reaches 
its melting point, and then later during shade time or night, the PCM will solidify again and release 
the heat to the water tubes. As a result, this system can be used in different types of climates and 
times of day/night with enhanced heat exchange performance. 
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 Research Contributions and Key Results 
 In the beginning, to provide some background information, the importance of thermal 
management was discussed and an overview of the BIPVT, PCM, and the hydronic system for 
asphalt pavement was provided. 
 The aging effect of ultraviolet (UV) rays from the sun on the asphalt binder that had been 
modifier with crumb rubber particles was explored. The effect of simulated ultraviolet (UV) 
radiation from the sunlight on the asphalt binder containing recycled crumb rubber was 
investigated. Two sets of samples were characterized using a PG 64-22 neat binder with different 
percentages of rubber particles being 0, 16.6, and 20.0 wt.%. One set of the samples was stored at 
ambient temperature (called the unaged set) and the other was inserted inside an accelerated 
weathering tester for 100 hours (called the UV-aged set). Thermal properties, chemical indices, 
rheology, and morphology of both sets of samples were tested using the flash method, Differential 
Scanning Calorimeter (DSC), Fourier-Transform Infrared (FTIR) Spectroscopy, Dynamic Shear 
Rheometer (DSR), and Scanning Electron Microscope (SEM), respectively.  
 The results showed that the addition of rubber leads to a reduction of specific heat for the 
rubber-modified binders. Specific heat capacities of the three UV aged samples are larger than 
those of their unaged counterparts, and the 16.6%-aged has the highest value. FTIR spectra of the 
three unaged samples are very similar, whereas distinct changes occur after UV exposure. The 
normalized absorbance of the peak associated with S=O group increases and the peak for the 
aliphatic group decreases after UV aging, showing some evidence of oxidation due to UV aging. 
The use of crumb rubber in the binder decreases the thermal conductivity and the 20.0 wt.% sample 
is even less conductive compared to the 16.6 wt.%. At all temperatures above 25°C, aged samples 
have lower thermal conductivity than the unaged ones. Rheological measurements show that the 
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complex modulus of the samples increases with the addition of rubber particles and also after 
aging. However, 16.6% rubber-modified sample shows the least increase in modulus after aging. 
Microscopic morphology shows that UV radiation causes cracks in both neat and rubber modified 
binder. Smaller cracks are seen to form, and the cracked pieces are stuck together in the rubber 
modified binders, whereas less cohesion between the cracks is observed in the neat binder.  
 The novelty of this work was to address a type of photooxidation –the ultraviolet aging 
from sunlight– on a mix of asphalt and rubber.  The addition of rubber to asphalt is becoming a 
more common practice in the asphalt industry as a solution for promoting sustainability and 
recycling. The new rubber-modified roads, while providing many benefits such as noise reduction 
of tires, less aging over time, and accordingly longer service life, are more complicated in terms 
of their short and long-term performance, weathering resistance, and their use in technologies such 
as heated pavement. Thus, different aspects of them need to be further studied and examined. The 
performance of the pavement under sunlight and UV rays is one of those aspects that affect the 
long-term behavior of the asphalt. Future work can include other tests on the mixture of aggregates 
and rubber modified binder to see how an actual mixture with rubber behaves under the 
photooxidation effect of sunlight. 
 In addition, the opportunities of incorporating carbon nanotubes (CNTs) as a modifier in 
asphalt binder to improve the binder’s thermal properties using a foaming method were explored. 
The foaming process has many advantages such as better coating of aggregates, reduction in the 
viscosity and mixing temperature, and accordingly lowering energy consumption. However, no 
previous study has been done on using the foaming method to disperse CNT modifiers in the 
asphalt binder. In this work, two solvents of ethanol and a surfactant are used to disperse the multi-
walled carbon nanotubes. Different percentages of 0, 3, and 6 wt. % of the carbon nanotube 
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solution are prepared. Then, the CNT solution is used to foam a PG 64-22 asphalt binder via an 
in-house foaming machine. Initial assessment of the two CNT solutions via images from scanning 
electron microscopy showed that while ethanol caused the nanotubes to agglomerate, a more 
homogenous dispersion of the CNTs was achieved using the surfactant solution. Complex moduli 
of the asphalt binder did not significantly change after the addition of the CNTs. Results showed 
that the specific heat capacity of the foamed samples was smaller than the neat binder, whereas the 
glass transition temperature of the foamed samples slightly shifted to a lower temperature as 
compared to that of the neat binder. It is observed that the thermal conductivity of the 6% CNT 
sample (0.24 wt. % in asphalt) was improved two-fold compared with the unmodified foamed 
asphalt. These findings approve the potential of using carbon nanotubes in the binder for future 
applications.  
 Furthermore, an updated design of a hydronic BIPVT panel was presented in which a fluid 
is used to circulate inside aluminum tubes and absorb heat from the surface of the silicon solar 
panel. A large portion of the market for PV modules is based on crystalline silicon wafer 
technologies. For the silicon cells, the PV efficiency exhibits a bottleneck at 20~30% although 
some research has shown a higher efficiency [194]. Therefore, the rest of the energy which is 
turned into heat can often reach 60~70%, which may not be harvested and just be dissipated to the 
air again. As a result, the working temperature of the solar panels increases under sunlight, which 
consequently reduces the electricity conversion efficiency as most solar cells show a heat-related 
performance loss of about 0.4-0.5% per °C. Therefore, without a cooling system, the in-service 
surface temperature of the solar panels is usually ~40°C above ambient temperature resulting in 
lower electricity production efficiency and degradation of the solar cells [195]. The novel design 
of BIPVT presented here will extract this heat and thus, maximize the PV cell efficiency while 
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also providing a lukewarm water outlet that can be used in the hot water system of the building to 
improve its efficiency as the input water with higher temperature compared with the tap water. 
Tests with various flow rates from 100 to 600 ml/min showed the performance of the BIPVT while 
the 200 ml/min was found to be the optimal flow rate to achieve a balance between the cooling 
effect of the hydronic design and the outlet water temperature. The results from the finite volume 
method and finite element method confirmed the data from the experiments with a low deviation. 
Thus, providing the possibility of exploring different scenarios in the future without the need for 
experimental setup or building another prototype. 
 Finally, phase changer materials were discussed. The proposed research aimed to develop 
chemical processes that effectively convert the waste animal fat to PCMs of high latent heat and 
demonstrates the application of these PCMs in a lab-scale thermal energy storage setup. The 
research outcomes from this project will benefit other projects (net-zero energy buildings and 
greenhouses) as well as many other thermal energy-related applications. The experimental plan 
had three main stages. Stage 1: Start with pig fat, characterize the fat to find its molecular 
composition. Stage 2: Use hydrolysis by a solution to break the molecules of fat to achieve free 
fatty acids. Stage 3: Separate the saturated free fatty acids (FFAs) and unsaturated FFAs by 
crystallization. Results of latent heat measured by the DSC showed 3.5 times increase in the 
enthalpy compared with the original free fatty acids and thus, the high potential of this material. 
 Future Work 
 Considering that this work involved investigating some components required for building 
a thermal management system for pavement, studying the synergistic compatibility of these 
elements is also important. As an example, one future work can include exploring the presence of 
both rubber particles and carbon nanotube in the asphalt binder and their interaction with each 
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other and with the base binder. This would need to test various aspects such as the viscosity, 
rheology, thermal conductivity, the adhesion of the binder with the modifiers, as well as the 
expected resistance to the environmental weathering and aging such as ultraviolet from the sun. In 
addition, further quantification analysis can be done on the cost-effectiveness of these modifiers 
in asphalt and analyzing the long-run benefits such as energy-saving, avoiding pollution and 
greenhouse gasses, longevity, repair and maintenance, driving safety, and comfort versus the initial 
cost of the materials and methods used to construct this system. 
 To further optimize the design of the tubing (i.e., geometry and material) in the hydronic 
asphalt system in addition to the BIPVT system for an acceptable thermal and mechanical 
performance, FEM analysis can be used employing elastic and viscoelastic models was conducted.   
The pavement can be fitted with sensors that can automatically monitor the temperature of the 
surface and control the heating/cooling system, where the required power for the sensors and 
pumps are powered by solar panels. The achieved higher efficiency of this proposed BIPVT panel 
would be critical for places where space is limited such as the roof of the buildings. This way, 
more solar energy can be captured per area, in addition to the water heating output of the BIPVT. 
However, the cost analysis for this system should also be investigated to be affordable for houses 
and small projects, where the economics and short-term benefits usually outweigh the long-term 
performance or savings. 
 The overall system can be further improved by connecting it to a geothermal heat 
exchanger. This way, the excessive heat in the summer can be transferred to the ground as a heat 
sink, and in winter, it can be extracted as a heat source. Geothermal energy extracted from the 
ground is used to heat the pavement, and solar panels are used as energy sources for geothermal 
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pumps and sensors. An experimental plan to build a prototype for the hydronic heating/cooling 
system for the pavement would need the following items: 
(i) thermal tubes, made of steel as reinforcements/heat collectors or crosslinked polyethylene 
(PEX), formed in a loop and installed within 1” either above or below the interface between the 
surface and base layers for repaving and new construction, respectively; (ii) a ground heat 
exchanger that consists of ground source heat pumps, ground loops, and a mixture of water and an 
anti-freezing fluid such as monopropylene glycol to extract heat from the ground (for winter 
heating) or dissipate heat to the ground (for summer cooling) with the phase change materials to 
facilitate seasonal thermal energy; (iii) circulation pumps to circulate the geothermal fluid between 
tubes in the pavement and the ground loops; (iv) a smart and automated sensing device for 
monitoring and control of the whole self-heating and cooling system; (v) a solar system including 
photovoltaic solar panels, converters, and batteries; the solar electricity provides power for the 
geothermal pumps and sensing, and; (vi) thermal conductive pavement overlay, engineered with 
nanomaterials such as carbon nanotube (CNT) or graphene nanoplatelet (GNP) using a bottom-up 
approach to increase the thermal conductivity which results in higher efficiency of this system. 
 As for the PCM, the final goal is to build a lab-scale thermal energy testing setup using the 
produced PCMs and evaluate the performance of the system. The milestones for the project are as 
follows: 1) Develop the chemical processes to convert animal fat to PCMs with maximum yields; 
2) Implement the developed chemical procedure to convert raw animal fat (bacon grease) to PCMs 
and evaluate the PCMs’ efficacy and properties; 3) Apply the produced PCMs to solar PV panel 
for temperature regulation and assess the performance of the modified solar panel. Further analysis 
and testing can be done on the PCM thermal degradation and whether the high value latent heat 
properties can be maintained after continuous cycles of heating and cooling. In addition, the 
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inclusion of the PCM in the building wall panel or the porous concrete/foamed aluminum requires 
a certain viscosity and consistency, which brings the importance of the leakage issue that needs to 
be investigated. This would involve the incorporation of other modifiers such as zeolite, silica, or 
other micro and nano modifiers to not only improve the viscosity of the phase change material but 
also enhance its thermal conductivity.  
 The proposed heating/cooling system for pavements can be applied to parking lots, 
highway ramps, sidewalks and driveway, airport runway, and outdoor stairs. Considering the high 
cost of pavement maintenance, safety hazards due to ice and snow, as well as ease and comfort 
that this system provides, it can produce synergistic benefits which result in returns on the initial 
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